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Summary 
Agrobacterium tumefaciens is a natural plant pathogen, capable of transfecting 
its host via a transferable genetic element termed, T-DNA once induced.  The single 
strand T-DNA molecule is exported from the bacterium and transported to the host cell 
nucleus as a nucleoprotein termed the T-complex, where it becomes double stranded 
and in the case of planta incorporates into the genome.  Little is known about the post-
transfection pathway involved in trafficking the T-DNA to the nucleus.  This study 
introduces the fission yeast Schizosaccharomyces pombe as a novel and powerful host 
to study factors involved in Agrobacterium-mediated transformation.  The pre-
established budding yeast (Saccharomyces cerevisiae) model was exploited to 
corroborate findings and together provide a working model of nucleoprotein 
trafficking inside eukaryotic cells.  By assaying an array of fission and budding yeast 
mutants mechanisms involved in host cell entry, active transport through the 
cytoplasm and nuclear import were all examined as a function of Agrobacterium-
mediated transformation efficiency.  Findings from this study suggest T-DNA enters 
the host via an endocytosis independent pathway.  Localization and interaction studies 
indicate the yeast host recognizes the VirD2 NLSs via importin- that can associate 
with microtubules for active transport through the cytoplasm. Fission and budding 
yeast importin- and microtubule mutants reduce the efficiency of Agrobacterium-
mediated transformation. Established links between importin- and microtubules 
suggests that importin- acts as the host adaptor to recognizes the T-complex via NLS 
interaction and link it to microtubules, thus providing the active transport network for 
transport to the nucleus.  Such a novel model presents a powerful system to offer 
insights into the trafficking of infecting viruses to the eukaryote host nucleus during 
the early stage of infection. 
Chapter 1 
Literature review 
1.1 Background to Agrobacterium tumefaciens 
Agrobacterium tumefaciens is a gram-negative soil borne bacteria and a natural 
phytopathogen of a wide variety of plant species (van Larebeke et al. 1974; Waston et 
al. 1975).  Agrobacterium tumefaciens (or Bacterium tumefaciens as it was then 
known) has been extensively studied since it was identified as the causative agent of 
crown gall disease (Smith et al. 1907).  Initial research interest focused of a possible 
link between Agrobacterium-mediated tumour formation and mammalian cancerous 
growth.  However research focus quickly changed when the full potential of using A. 
tumefaciens as a “natural genetic engineer” became clear.  It was Braun’s  “tumour 
inducing principle,” hypothesis that first attempted to link Agrobacterium to tumour 
induction via a vector (possibly DNA) that was capable of maintaining plant cells in a 
state of active cell division (Braun 1947; Braun and Mandle, 1948).  Evidence that 
bacterial DNA was indeed present in cultured crown gall tumours was eventually 
found (Schilperoort et al. 1967) but still debated until latter confirmation and the 
identification of the tumour inducing (Ti) plasmid (van Larebeke et al. 1974; van 
Larebeke et al. 1975; Zaenen et al. 1974).  Later studies found genetic elements 
derived from the Ti-plasmid were transferred into the host plant cell (Chilton et al. 
1977; Chilton et al. 1978; Depicker et al. 1978).  This transfer DNA, or T-DNA, 
encodes opine biosynthesis genes and oncogenes which are responsible for production 
of plant growth regulators thus triggering tumorous growths.  The A. tumefaciens 
induced tumors are a source of auxin (Link et al. 1941) and cytokinin (Braun, 1958) 
both of which are plant growth regulators.  The benefit for the Agrobacterium 
inducing agent is due to the fact that opines (unusual amino acid-like compounds) are 
produced by the tumors (reviewed by Dessaux et al. 1993).  Opines refer to a wide and 
structurally diverse family of amino acid-like compounds.  The opines produced by the 
plant tumor are dependent on the inducing strain and interestingly compliment specific 
opine catabolism enzymes encoded on the Ti-plasmid (Goldman et al. 1968; Petit et 
al. 1970).    “Genetic colonisation,” is a phrase used to describe this process whereby 
Agrobacterium creates a unique habitat wherein it solely is genetically equipped to 
utilize the predominant carbon-nitrogen source (Schell et al. 1979).  Herein lies the 
evolutionary benefit behind Agrobacterium-mediated tumor induction.  In fact, the 
ability to metabolise opines has been directly correlated to virulence (Petit and 
Tourneur 1972). 
 
Insights into the process of Agrobacterium-induced crown gall tumors allowed 
researched to exploit A. tumefaciens for the transformation of plants.  By substituting 
the oncogenes on the T-DNA strand researchers have harnessed A. tumefaciens ability 
to transform plants to great effect.  Agrobacterium is now the preferred vector for the 
genetic engineering of many cash crops including dicots such as potatoes and rapeseed 
as well as monocots like maize and rice.   
 
Recent studies have also shown that A. tumefaciens transformation abilities as a 
transfection vector is not limited to the plant kingdom.  Other eukaryotics such as 
yeast (Bundock et al. 1995; Piers et al. 1996) fungi (De Groot et al. 1998) and even 
mammalian cells (Relic et al. 1998; Kunik et al. 2001) are all susceptible to A. 
tumefaciens mediated transformation.  The fact that A. tumefaciens mediated 
transformation can be exploited and applied to such a range of hosts has greatly 
widened A. tumefaciens based research interests into a multitude of different fields 
such as protein and gene therapy and transgenics. 
 
1.2 Agrobacterium tumefaciens mediated transformation 
A lot is already known about the molecular events that occur within A. 
tumefaciens prior to plant transformation.  Post induction a complex series of events 
occur that leads from the expression of virulence genes and processing of the single 
stranded T-DNA from the Ti-plasmid to the transport of the T-DNA and associated 
proteins via a type IV secretion system into the host cell (Fig. 1.1).  This process will 
be addressed in detail. 
 
1.2.1 Agrobacterium chemotaxis 
In order for A. tumefaciens to conduct the above processes it must first localise 
to the potential plant host.  Agrobacterium itself is a mobile bacteria with peritrichous 
flagellae and a sensitive chemotaxis system that can accurately direct motility to the 
required location.  Agrobacterium respond to a wide array of sugars and amino acids 
(Loake et al. 1988).  Naturally, such compounds are thought to exude from plant 
tissues that have undergone some physical damage. 
 
 
Fig. 1.1 Overview of Agrobacterium tumefaciens-mediated transformation 
 
(a) Detection of extracellular signals such as sugars and phenolic compounds 
by VirA/G two component system 
(b) Agrobacterium to plant cell attachment 
(c) vir gene expression triggered by induction 
(d) T-DNA processing from the Ti-plasmid 






Plant cell  
Agrobacterium that contain or lack the Ti-plasmid necessary for transformation are 
both capable of successfully mobilising to wound sites from a wide array of plant 
species thus indicating the genes necessary for chemotaxis are chromosomally 
encoded (Loake et al. 1988; Parke et al. 1987).  Interestingly however there appears to 
be an exception to this fact as some research has indicated the necessity of the Ti-
plasmid (specifically VirA and VirG) for successful chemotaxis towards low 
concentrations (<10
-8
M) of the phenolic based inducer, acetosyringone (Ashby et al. 
1988; Shaw et al. 1989).  Conversely other independent research showed 
acetosyringone did not incite chemotaxis at any concentration (Hawes and Smith 
1989).  This group was also able to demonstrate that motile and chemotaxis deficient 
Agrobacterium remain virulent but their ability to localise and therefore transform 
potential plant hosts is significantly diminished.  This fact is especially relevant in the 
bacteriums natural soil environment (Hawes and Smith 1989). 
 
1.2.2 Induction of Agrobacterium 
Interaction between A. tumefaciens and related species (A. rhizogenes, A. rubi 
and A. vitis) and plants involves a complex series of chemical signals communicated 
between the pathogen and the host (Gelvin 2000).   The transfer of the induction signal 
is initiated by a classical two-component system when Agrobacterium detects certain 
phenolic and sugar compounds (Charles et al. 1992; Hooykaas et al. 1994; Winans 
1992). Inducing phenolic compounds are perceived by the VirA/VirG two-component 
system and is responsible for coordinating the induction of all the other 6 vir operons 
on the Ti-plasmid (virB, virC, virD, virE, virF and virH) encoding approximately 25 
proteins. (Stachel et al. 1986a; Albright et al. 1989; Lee et al. 1995; Mclean et al. 
1994; Winans 1991). 
 Inducing the vir operons was first discovered by cultivating Agrobacterium 
with mesophyll protoplasts, plant cells or cultured tissues (Stachel et al. 1986c).  More 
specifically high expression of virB, virC, virD, virE and virG operons were obtained 
by cocultivating Agrobacterium with susceptible plant cells (Engstrom et al. 1987).  
Focus turned to diffusible plant cell metabolites after it was discovered that 
conditioned media from root cultures were also able to induce vir operons.  Further 
researched narrowed the inducing component down to a family of phenolic 
compounds (Bolton et al. 1986).  Although previously these phenolic compounds were 
thought to exude from wounded plant cells but recent evidence suggests unwounded 
plant cells are still susceptible to Agrobacterium-mediated transformation.  However 
the transformed plant cells remain tumor-free yet still synthesise opines indicating that 
the plant repair mechanism may play an important role in triggering tumor 
proliferation (Brencic et al. 2005; Escudero and Hohn 1997).   Indeed this same report 
detected acetosyringone in the exudates of axenic tobacco seedlings and syringate and 
vanillate in the exudates of squash seedlings thus confirming results from Bolton et al. 
(1986). 
 
The virA and virG genes are the only constitutively expressed vir genes with 
their protein products acting as the sensory histidine kinase protein and response 
regulator respectively in a classical two-component system.  Two transmembrane 
domains interspaced by a periplasmic domain along with a linker, recierver and highly 
conserved kinase domain constitute the VirA protein (Lee et al. 1996).   Deletion 
studies concentrating on the linker domain narrowed the probable phenolic interacting 
region down to a highly amphipathic helix sequence of 11 amino acids (residues 278-
288).  Incidentally this amino acid sequence is highly conserved amongst 
chemoreceptor proteins (Chang and Winans 1992; Turk et al. 1994).  Once VirA 
perceives the relevant inducer autophosphorylation occurs at His-474 followed by 
transphosphorylation of the regulatory protein VirG at Asp-52 resulting in the 
downstream activation and transcription of additional virulence (vir) genes (Jin et al. 
1990; Lee et al. 1995).  The VirA/VirG two-component system conforms to a pre-
established family of His-Asp sensor-response system.  Indeed, single base mutations 
that substitutes residue His-474 for Gln-474 results in strains with defective or 
attenuated transformation capabilities (Huang et al. 1990; Jin et al. 1990a; 1990b).  
Conversely other VirA mutations are capable of activating vir gene expression in the 
absence of phenolic inducers (McLean et al. 1994).  While the VirA protein remains 
membrane bound, once phosphorylated the VirG protein becomes cytoplasmic due to 
conformational change of the C-terminal.  It is this C-terminal domain that possesses 
the ability to bind to a 12bp conserved consensus on the Ti-plasmid known as the vir-
box which is located upstream of the majority of vir genes.  As a transcriptional 
activator of the vir operons, it is not surprising to find that overexpression of the virG 
gene has been shown to produce a higher level of vir gene response once induction has 
occurred (Liu et al. 1993).   
 
Other stimuli play a role in vir gene induction.  In fact specific 
monosaccharides such as glucose, arabinose, xylose and fucose are thought to play an 
important role in induction as their presents can significantly increase vir gene 
expression when acetosyringone is limited or absent.  It is therefore not surprising that 
many of the inducing sugars are monomers of plant cell wall polysaccharides.  The 
fact that some sugars (2-deoxy-D-glucose and 6-deoxy-D-glucose) not applicable for 
metabolism by Agrobacteria can also enhance vir gene expression rules out the 
possibility that vir gene expression levels are a reflection of nutritional benefits 
(Cangelosi et al. 1990).  These inducing monosaccharides are proposed to sensitize 
VirA to phenolic inducers via a chromosomally encoded periplasmic sugar-binding 
protein, ChvE.  Indeed the efficiency variation of VirA in different Agrobacterium 
strains is attributed to variations in ChvE and its ability to bind with sugars and 
sensitise VirA by interaction with its periplasmic domain (Cangelosi et al. 1990; 
1991). 
 
In addition, external factors such as low temperature and an acidic pH (5.0-5.8) 
can also amplify the induction response.  The exact mechanism by which acidic 
conditions contribute to vir gene induction is unclear although one theory attributes the 
acid pH to increased bacterial membrane permeability to protonated phenolic 
compounds (Jin el al. 1993).  Once expressed, the majority of these Vir proteins carry 
out roles relating to T-DNA processing, T-complex trafficking and formation of the 
type IV secretion system. 
 
1.2.3 Processing the T-DNA from the Ti-plasmid 
The vir gene products are responsible for the generation and transport of the 
transfer DNA (T-DNA) into the host cell.  The T-DNA itself is located between two 
flanking 25bp imperfect direct repeats termed the “T-borders”.  Virulence proteins that 
associate with the T-DNA are said to be constituents of the T-complex.  Another 
subset of 12 virulence proteins form a membrane associated “molecular needle” to 
transport the T-complex from bacterium to host. 
 
Proteins encoded on the virD and virE operons are responsible for T-DNA 
processing (Gietl et al. 1987; Citovsky et al. 1988; 1989; Toro et al. 1989; Grimsley et 
al. 1989; Sen et al. 1989).  The left and right T-border regions provide a recognition 
sequence for the binding of VirD1, which in-turn promotes the binding of the VirD2 
(Lessl et al. 1994; Pansegrau et al. 1996).  This Ti-plasmid relaxosome complex 
breaks the phosphate bonds between the third and forth nucleotides of each border 
sequence in one DNA strand (Scheifflele et al. 1995; Wang et al. 1987; Filichkin and 
Gelvin 1993).  Evidence suggests that VirD1 is an auxiliary protein that assists VirD2 
binding to the T-border nic site (Pansegrau et al. 1996).  In fact the T-border 
sequences are similar to those found at the origins of transfer (oriT) on some 
conjugative plasmids and the nicking ability of VirD1 and VirD2 follows a mechanism 
likened to other conjugal DNA relaxing enzymes (Cook et al. 1992; Lessl et al. 1992; 
1994; Pansegrau et al. 1991; 1994a).  However VirD2 alone has been show to 
demonstrate ssDNA nicking ability of oligonucleotides harbouring the T-DNA border 
sequence in vitro (Jasper et al. 1994; Pansegrau et al. 1993a).  This is in contrast with 
the in vivo system where both VirD1 and VirD2 are required for the nicking reaction 
(Scheiffele et al. 1995; Stachel et al. 1987; Yanofsky et al. 1986).  It seems that VirD1 
plays an essential role when VirD2 is required to nic supercoiled double-stranded 
plasmid DNA, as is presented in the Ti-plasmid.  It is probable that VirD1 induces 
destabilization in the dsDNA thus presenting a ssDNA substrate for VirD2. 
 
The highly conserved endonuclease region responsible for the ssDNA cleavage 
activity is located on the N-terminal of VirD2.  As with other homologous relaxases 
like Tra1 the endonuclease region can be divided into 3 distinct and conserved motifs 
(Ilyina and Koonin, 1992; Pansegrau et al. 1994b).  Amino acids critical for TraI 
function have been identified by mutagenesis studies and are expected to be highly 
relevant to VirD2 due to the conserved nature of the motifs (Pansegrau et al. 1994b).  
More specifically, VirD2 contains a tyrosine residue at position 29 in motif I, which, if 
altered abolishes nicking activity (Vogel and Das, 1992).  Activation of the tyrosine-
29 residue is thought to come from 2 histidine residues (located in the highly 
conserved motif III) via binding to a Mg
2+
 intermediate (Vogel et al. 1995). It is the 
tyrosine-29 residue that forms a phosphodiester bond between its aromatic hydroxyl 
group and the 5’ phosphoryl group of the ssDNA.  This covalent bond allows VirD2 to 
remain attached to the 5’ end of the single stranded T-DNA molecule forming the T-
strand (Pansegrau et al. 1993b).   
 
 
1.2.4 T-complex formation 
In addition to VirD2, VirE2 has also been shown to associate with T-DNA.  In 
fact, VirE2 has been shown to strongly bind to ssDNA in a non-sequence specific 
manner In vitro (Christie et al. 1988; Citovsky et al. 1988; Das, 1988; Gietl et al. 
1987).  VirE2 is strongly expressed in acetosyringone-induced Agrobacterium cells 
and is the most abundant Vir protein (Engstrom et al. 1987).  Despite this fact VirE2 is 
not predicted to play an active role in T-DNA processing as virE2 mutants accumulate 
normal levels of T-strands in acetosyringone-induced Agrobacterium thus indicating 
its functions are confined to the host cell (Stachel et al. 1987; Steck et al. 1989; 
Veluthambi et al. 1988).  The non-specific ssDNA binding nature of VirE2 along with 
its abundance in induced Agrobacterium suggests it could coat the T-strand.  The 
advantage of this “VirE2 coat” was demonstrated when VirE2:ssDNA complexes were 
shown to be resistant from 3’ and 5’ exonuclease and endonuclease degradation 
(Citovsky et al. 1989; Sen et al. 1989).  Indeed, although virE2 Agrobacterium 
mutants are highly attenuated in virulence they are still able to transfect plant cells and 
in some species incite tumor formation although at low efficiency (Dombek et al. 
1997; Stachel and Nester, 1986b).  Similarly virE2 mutants also retain the capability to 
transform S. cerevisiae cells, again at lower frequencies (Bundock et al. 1995).  It is 
the T-strand (T-DNA with VirD2 covalently 5’bound) in conjunction with VirE2 that 
is collectively known as the T-complex.  This T-complex is prediceted to conform to a 
coiled “telephone cord” like structure under certain conditions (Citovsky et al. 1997). 
 
One point of contention is whether or not the T-complex is formed prior to, or 
after T-strand translocation into the host cell.  Originally it was proposed that binding 
of VirE2 to the T-strand occurred in the bacterium prior to export (Christie et al. 1988; 
Zupan and Zambryski, 1997).  This theory is sound and proposes a realistic model that 
is supported by the fact that anti-VirE2 antibodies can co-immunoprecipitate VirE2 
and T-DNA (Christie et al. 1988).  However, strong evidence suggests that the T-
Strand complex may be transferred from the bacterium as a separate entity from 
VirE2.  Numerous independent studies have highlighted the fact that VirE2 and the T-
strand are translocated into the host cell separately prior to T-complex formation. 
 
Initial suspicions that VirE2 associates with the T-DNA within the host cell 
were raised over 2 decades ago (Otten et al. 1984).  A plant wound site was inoculated 
with two individually avirulent Agrobacterium strains.  One strain contained a mutant 
virE2 genotype in conjuction with wild-type T-DNA.  The second strain provided 
wild-type VirE2 donation but lacked a T-DNA.  Tumor formation occurred at the plant 
wound site when both strains were co-inoculated together.  In essence, the two 
avirulent strains were able to complement each other showing VirE2 and T-strand 
translocation into the host could occur independently of each other.  Additional 
complementation studies have shown that mutant virE1 Agrobacterium strains can still 
transfer T-DNA into the host but not the VirE2 protein (Sundberg et al. 1996).  
Furthermore, virE2 mutants retain the ability to transform tobacco protoplasts (Yusibo 
et al. 1994).  However, virE mutant Agrobacterium can still incite tumor production if 
inoculated on VirE2 expressing transgenic tobacco but not if inoculated on wild type 
tobacco plants (Citovsky et al. 1992).  This complementation study demonstrates the 
ability of VirE2 to function within the plant cell, independently of co-production and 
translocation with the T-strand.  In addition, a VirE2 harbouring a C-terminal mutation 
prevents recruitment and secretion through the VirB/D4 channel yet it retains the 
ability to bind single stranded DNA.  Interestingly these mutant VirE2 proteins do not 
interfere with T-DNA or wild-type VirE2 export again supporting the hypothesis that 
VirE2 and the T-strand are exported independently (Simone et al. 2001). 
 
This corroborative evidence supports the theory that VirE2 and the T-strand 
can be translocated into the host independently of one another and that VirE2 
association with the T-strand can occur post translocation to assist in the 
transformation process.  Interestingly this second model would correspond with known 
models of conjugation between bacteria.  With bacterial conjugation the single-
stranded conjugal DNA does not exist as free ssDNA in the bacterial cytoplasm as it is 
processed from the conjugal plasmid at the membrane surface prior to export (Lessl 
and Lanka, 1994).  If there are significant parallels between this cojugation model and 
Agrobacterium T-DNA transfer then cleavage and unwinding of the T-DNA may also 
occur at the membrane and therefore not be freely available in the cytoplasm for 
association with VirE2.  The lack of free ssDNA strands in the cytoplasm may also 
explain why no VirE2 and T-strand interaction was detected after A. tumefaciens cells 
were treated with cross-linking formaldehyde prior to lysis (Cascales and Christie, 
2004).  While the processing of T-DNA at the bacterial membrane offers a presentable 
theory to explain why VirE2 is prohibited from T-strand association, it does not 
explain why T-strands are detectable in induced Agrobacteria lysate.  Gelvin 
hypothesises that this T-strand detection could be due to “overinduction” of vir genes 
by acetosyringone or the use of proteases and detergents during T-strand isolation 
(Gelvin 2000).   
 
1.2.5 T-strand complex translocation into the host 
The VirD2 protein on the T-strand acts as a pilot protein to guide the T-DNA 
to the T-pili through which the T-strand passes to gain entry into the host cell.  The T-
phili is also known as the VirB/D4 channel as it is assembled from 11 VirB proteins as 
well as VirD4.  This VirB/D4 channel is a bacterial conjugation system and a member 
of the type IV secretion system (T4SS) subfamily and allows for horizontal gene 
transfer.  Just as sex pili present on the surface of cells harbouring the conjugation 
plasmid; “T-pili” present on Agrobacterium expressing virB genes.  These “T-phili” 
can be distinguished from other pili and flagella by their 10nm intermediate diameter 
(Lai et al. 2000).  As such the T-pili forms a transmembrane channel through which 
macromolecules such as the T-strand may pass. Indeed, there is some evidence to 
suggest that such conjugation systems evolved from pure protein secretion systems to 
recognise and translocate relaxases as well as any associated DNA strands that 
“hitchhike” their way through the channel (Cascales et al. 2003).   This type IV 
secretion system (T4SS) has been shown to mediate the conjugal transfer of plasmid 
RSF1010 (a non-self transmissible IncQ plasmid) between Agrobacterium.  In 
addition, Agrobacterium can also transfer other mobilizable plasmids by conjugation 
to bacteria such as E. coli, and Streptomyces lividans although Agrobacterium is 
unique in its ability to transform plants, yeast, fungi and mammalian cells 
(Beijersbergen et al. 1992; Kelly et al. 2002).  This phenomenon could be associated 
with the effector proteins VirD2, VirD5, VirE2, VirE3 and VirF secreted into the host 
via the VirB/D4 channel (Vergunst et al. 2005).   
 
1.2.6 VirB/D4 channel assembly  
The constituents of the VirB/D4 channel localise to the Agrobacterium inner 
cell membrane where assembly of the multimeric complex is likely to occur.  The 
actual mechanism by which this T4SS functions is still being investigated however it 
is known to be an active process requiring energy to drive the translocation.  This is 
possibly provided by three proteins possessing ATPase activity, VirB4, VirB11 and 
VirD4 (Christie, 1997; Zupan et al. 1998).   In contrast much more is known about the 
architecture and structural components of the VirB/D4 channel, which can essentially 
be divided into 2 segments.  The first segment is regarded as the T-transport pore (or 
T-transporter core) and forms a multi-protein complex that spans the periplasmic space 
linking the cytoplasm to outer membrane. The second segments forms the T-pilus that 




Fig. 1.2 Agrobacterium type IV secretion system 
 
Proposed model and subcellular location of constituents of the 
VirB/D4 channel.  The model is based on interaction, deletion 
and topological studies.   
(Cascales and Christie 2004) 
 For successful assembly of both the T-pilus and T-transport pore to occur 
disruption to the peptidoglycan layer is necessary as naturally occurring channels in 
the peptidoglycan layer are restricted to allow diffusion of proteins up to 50kDa in size 
(Dijkstra and Kect 1996), much too small for the assembly of a multicomponent 
structure such as the VirB/D4 channel.  The bifunctional VirB1 protein and the first 
product of the polycistronic transcript of the virB operon is responsible for this initial 
step.  Interaction of the N-terminal of VirB1 with the peptidoglycan layer induces 
localised lysis.  The fact that the VirB1 N-terminal contains motifs conserved among 
lytic transglycosylases supports its role as a membrane disrupter; a necessary step in 
the construction of a transmembrane channel (Mushegian et al. 1996; Baron et al. 
1997a).  Interestingly mutations to the N-terminal of VirB1 have severely attenuate 
virulence due to loss of glycosidase activity (Mushegian et al. 1996).  Processing of 
VirB1 cleaves off the 73 amino acid C-terminal (VirB1*) which is either secreted or 
remains delicately linked to the exterior of the Agrobacterium cell (Baron et al. 
1997a).   While VirB1 C-terminal cleavage can occur in Rhizobiaceae, secretion is 
specific to Agrobacterium suggesting VirB1* has a specific extracellular role.  It has 
been proposed that VirB1* may associate with the plant cell to stabilize pilus-plant 
cell interaction (Zupan and Zambryski 1998) or mediate pilus formation via VirB2 
chaperone activity.  Indeed previous close interactions between VirB1* and VirB9 
have been demonstrated via chemical crosslinking (Baron et al. 1997a).  
 
This localised membrane disruption favours VirB2 and VirB5 association with 
the inner cell membrane triggering T-pilus formation.  Although their mobilisation to 
the cellular membrane is by an unknown mechanism, T-pili preparations have shown 
that the major component of VirB2 and the minor component of VirB5 constitute the 
majority of the T-pilus (Schmidt-Eisenlohr 1999).  VirB2 itself is processed into its 
minor N-terminal and major C-terminal components after insertion into the inner cell 
membrane.  The VirB2 propilin, a 121-residue 12.3kDa peptide, is cleaved between 
Ala 47 and Gln48 resulting in a 47 and a 74 (7.2kDa) residue peptide (Jones et al. 
1996).  Evidence from topology studies suggests that the freshly cleaved N-terminal 
and the C-terminal remain protruding into the periplasm.  This is hypothesised to assist 
in the head to tail cyclization of the 74-residue peptide between Gln48 and Gly 121 a 
rare reaction amongst prokaryotes (Eisenbrandt et al. 1999; Jones et al 1996). 
 
Unlike VirB2, VirB5 abundance shows strong positive correlation to the levels 
of other Vir proteins like VirB6 (Hapfelmeier et al. 2000; Schmidt-Eisenlohr 1999).  
Homology studies indicate VirB5 function may be of an auxiliary role, aiding the 
structural proteins in the T-pili.  VirB6 has also been linked with T-pilus assembly as 
virB6 Agrobacterium mutants do not display pili.  The hydrophobic nature of VirB6 
suggests its plays a role at the base of the pili, possibly in inner membrane pore 
formation (Christie 1997; Das and Xie 1998).  Indeed VirB6 is thought to contain 
several membrane-spanning domains and seems to be the link between the inner 
membrane and T-transporter pore and the T-pilus (Beijersberg et al. 1994, Christie 
1997; Cascales and Christie 2004).  VirB8 and VirB10 assist VirB6 in anchoring it to 
the inner membrane to form functional pores while VirB7 and VirB9 form a complex 
at the outer membrane (Das and Xie 2000).   
 
The link between the inner membrane pore and the outer membrane complex is 
provided by the fact VirB8, VirB9 and VirB10 can interact with one another (Das and 
Xie 2000).  This is especially apparent as VirB10 contains a large C-terminal 
periplasmic domain in addition to an N-terminal that confers a shorter cytoplasmic 
domain suggestive of a stabilizing anchor (Beaupre et al. 1997).  VirB10 therefore has 
the potential to link the inner membrane with the outer member VirB7/B9 heterodimer 
subcomplex.  VirB7 is known to localise to the outer membrane where it is covalently 
linked to a lipid moiety via its N-terminal Cys15 residue (Fernandez et al. 1996b).  
Both the processed mature VirB7 lipoprotein and VirB9 have the ability to form 
homodimers.  However, in a heterologous mix VirB7/B9 heterodimers have a greater 
affinity in addition to the ability to form heterotetramers complexes that act as a 
nucleating center, stabilizing the transmembrane complex (Anderson et al. 1996; 
Baron et al. 1997; Fernandez et al. 1996a; Spudich et al. 1996; Christie and Vogel 
2000).  
 
The transport of T-DNA and other translocated proteins is thought to be an 
energy dependent process.  The proteins that enable this energy driven process are 
presumed to be VirB4 (Shirasu et al. 1994; Dang and Christie 1997; Dang et al. 1999; 
Christie 1997), VirB11 (Christie et al. 1989; Rashkova et al. 1997) and VirD4 (Zupan 
et al. 1998).  All three proteins show homology to know ATPases and are thought to 
form a subcomplex on the inner cytoplasmic membrane at the opening of the T-
transport pore (Cascales and Christie 2004).  Both VirB4, VirB11 and VirD4 contain a 
conserved Walker A nucleotide –binding motif (Christie 1997) mutations to which 
produces strains avirulent for horizontal T-DNA transfer (Christie et al. 1989; Fullner 
et al. 1994).  In vivo studies suggests VirB4 functions as a homomultimer while 
VirB11, like its homologs, is proposed to form homohexamers (Krause et al. 2000).  
This ATP regulated hexameric pore is localized to the cytoplasmic inner membrane 
independently of interactions with other VirB proteins.  VirB11 is therefore proposed 
to act as a molecular gate with nucleotide interaction creating conformational changes 
that allows for the export of substrates and channel assembly (Savvides et al. 2003). 
 
VirD4 is thought to associate with VirB11 acting as an intermediary and the 
first point of contact for the T-DNA.  Indeed, while VirD4 mutants do not affect T-
pilus assembly (Balzer et al. 1994) they do prevent VirB11 from successfully 
associating with the T-DNA (Zupan et al. 1998; Cascales and Christie 2004) and 
possibly the translocation of virulence proteins.  In addition VirD4 has a large 
cytoplasmic domain that confers a nucleotide-binding domain and is anchored to the 
inner membrane via its N-termini.  It has been postulated that VirD4 localises to the 
polar inner cell membrane in proximity to VirB11 to form a VirD4/VirB complex 
indicating VirD4 role in substrate recruitment from the cytoplasm (Pantoja et al. 2002; 
Kumar and Das 2002). 
 
1.2.7 Mechanism of T-DNA Export 
Recent advances have not only shed light on how substrates are targeted but 
also their passage through the transport channel.  For efficient transformation of the 
host to occur it is essential that the Agrobacterium select the T-strand for export along 
with the additional proteins required for T-complex formation, T-DNA integration into 
the host chromosome and even transcription of the genes therein. 
 
The substrates exported into the host include T-strand (VirD2 covalently bound 
to the 5’T-DNA), VirE2, VirE3, VirF and VirD5 (Vergunst et al. 2005).  In VirE2, 
VirE3 and VirF the export signal appears to be confined to the C-terminal (Simone et 
al. 2001; Vergunst et al. 2000, 2003).  Alignment of the C-terminal regions 
responsible for export in the aforementioned proteins revealed the consensus sequence 
R-X(7)-R-X-R-X-R (Vergunst et al. 2005).  The importance of this C-terminal export 
signal in Agrobactrium is supported by similar C-terminal export signals in other 
systems that utilize a T4SS (Hohlfed et al. 2006; Luo and Isberg 2004; Nagai et al. 
2005; Schulein et al. 2005). 
 
It has been suggested that the C-terminal export signal is important for 
interaction with VirD4. Despite VirE2 export being aided by VirE1, this chaperone is 
not specifically required for the recognition of the C-terminal secretion signal by 
VirD4 (Vergunst et al. 2003).  It has been postulated that while VirE1 does not assist 
in VirE2 recruitment it may be required for stability, preventing VirE2 from 
prematurely folding or binding to the single stranded T-DNA (Deng et al. 1999; 
Sundberg and Ream 1999; Sundberg et al. 1996; Zhao et al. 2001).  Indeed this has 
been demonstrated as the truncation of the VirE2 C-terminal results in disrupted 
binding to VirD4 (Atmakuri et al. 2003).  It seems likely that the role of the C-
terminal export signal is in VirD4 association, which in turn mediates the transport of 
the substrates by providing both energy and access to the transporter complex 
(Cascales et al. 2005; Llosa et al. 2002).  VirD4 itself is homologous to known 
coupling proteins of plasmid conjugation systems (Hamilton et al. 2000), furthermore 
VirD4 is disrupted in its ability to interact with VirE2 and the T-strand by conjugative 
intermediates of plasmids RSF1010 and pSa (Cascales et al. 2005; Lee et al. 1999; 
Stahl et al. 1998).  Deletion of the virD4 gene has shown to prevent T-strand 
association with any subsequent VirB proteins and prevents progression through the 
VirB/D4 channel (Cascales and Christie 2004) without disrupting the assembly of the 
T-pilus (Balzer et al. 1994).   
  
The transferred-DNA-immunoprecipitation (TrIP) technique adopted by 
Cascales and Christie (2004) coupled with known channel interactions have 
significantly clarified our understanding by which the T-strand is transported.  The 
research supported VirD4 as the first point of contact for the T-strand in addition to 
proposing the sequence of subsequent VirB-T-strand interactions.  The data is 
consistent with the preperceived position of Vir proteins within the channel and 
indicates the T-strand interacts with VirD4 followed by VirB11, VirB6, VirB8 and 
finally VirB2 and VirB9.  However T-strand interaction with VirB11 requires VirB7 
and binding to VirB6 and VirB8 requires VirB4.  
 
Once ATP driven transport across the inner membrane and periplasmic space 
has occured the T-strand must translocate through the T-pilus.  It is likely the T-strand 
is exported through the T-pilus as a liner nucleoprotein complex.  With the external 
dimensions of the T-pilus has been measured at 10nm (Lai and Kado, 1998) and the T-
strand diameter at <2nm (Citovsky et al. 1989), it is reasonable to suggest the pilus 
may undergo some conformational change to assist the passage of the T-strand.  
Recent findings suggest the T-pilus not only serves as the T-strand/Vir protein conduit 
but also acts as a host cell tether. Screening the Arabidopsis thaliana cDNA library for 
proteins that interact with VirB2 has discovered 3 VirB2-interacting (BTI) proteins 
with membrane-associated GTPase activity.  Preliminary and incriminating evidence 
from RNAi and overexpression studies indicate their involvement in the initial 
interaction between Agrobacterium and plant cells (Hwang and Gelivn 2004). 
 The ability of A. tumefaciens to transform an ever growing and extensive range 
of host species suggests the breaching of the host cell wall may not be as important as 
initially thought.  Indeed, comparisons between tranformation efficiencies shed light 
on how the VirB/D4 channel has evolved to provide optimal interaction with an 
alternative recipient.  For example, efficiencies for Agrobacterium to Agrobacterium 
VirB mediated plasmid transfer range from 10-8 to 10-4 while Agrobacterium to plant 
cells have been recorded at 10-1 to 100 (transconjugant to recipient) under optimal 
conditions (Binns 1991; Bohne et al. 1998).   It seems feasible that the VirB/D4 
channel has evolved to exploit specific natural host cell surface components yet retains 
a depleated ability for bacterial conjugation.  Approaches to identify important surface 
molecules that facilitate Agrobacterium mediated transformation have focused on a 
family of Arabidopsis rat mutants that exhibit a decreased susceptibility to such 
transformation (Zhu et al. 2003). 
 
1.3 The function of the translocated virulence protein in the host 
If Agrobacterium is to successfully and stably transfect of plant tissue post T-
DNA translocation it is important that, the T-DNA be protected from nuclease activity, 
the T-DNA be transported to the nucleus where processing to dsDNA and integration 
into the genome takes place and expression of genes required for tumorogensis occurs. 
To achieve this a number of virulence proteins are translocated into the target cell 
along with the T-strand (VirD2 covalently bound to the 5’T-DNA).  These proteins 
include VirE2, VirE3, VirF and VirD5 and are in part responsible for one or more of 
the above 3 factors.   
 
1.3.1 T-DNA nuclear targeting 
Protection and localisation of the T-DNA to the host nucleus is a product of the 
protein constituents of the T-complex.  As previously discussed the current evidence 
leans towards the theory that VirE2 associates with the T-strand once inside the host 
cell as oppose to pre-translocation form.  Regardless, it is assumed that the binding of 
VirE2 to the single strand T-DNA occurs prior to nuclear import.  This assumption is 
supported by the fact that avirulent VirE2 mutant Agrobacterium spp. is restored when 
inoculated on VirE2-expressing transgenic plants (Citovsky et al. 1992; Gelvin 1998) 
and that fewer T-strands accumulate in plant cells infected with another VirE2 mutant 
Agrobacterium spp.  VirE2 is their most abundant protein component of the T-compex 
and binds in a non-sequence specific manner along the length of the T-DNA.  This 
forms a “VirE2 coat,” thus protecting it from exonucleolytic degradation (Christie et 
al. 1988; Citovsky et al. 1989; Das et al. 1988; Yusibov et al. 1994).  Indeed 
Agrobacterium strains deficient in VirE2 not only results in drastically reduced 
transformation efficiency but also extensive deletion to the 3’ ends of the T-DNA 
(Rossi et al. 1996).  VirD2 is covalently bound to the 5’ end of the T-DNA after 
cleavage from the Ti-plasmid thus only a single VirD2 molecule is present per T-
complex (Pansegrau et al. 1993b).   
 
The subsequent T-complex is known to localise to the nucleus, an essential 
step if the T-DNA is to become double stranded.  The mature T-complex diameter is 
15nm (Abu-Arish et al. 2004), which is thus larger than the upper diffusion limit of 
9nm for the nuclear pore complex (NPC) (Forbes 1992) but is still compatible with the 
upper exclusion limit of the nuclear pore which opens to 23nm during active nuclear 
uptake (Forbes 1992; Dworetzky and Feldherr 1988).  Importantly the binding of 
VirE2 to ssDNA forms a rigid coiled complex with each turn of the coil equalling an 
average of 3.4 molecules of VirE2 and 63.6 bases of ssDNA (Citovsky et al. 1997).  
This rigid formation could prevent the T-complex from collapsing or folding into a 
more globular structure with a larger diameter.  It is speculated that the rigidity and 
polar nature of the T-complex would allow the VirD2 protein to initiate the import 
process and “pilot” the T-complex through the NCP (Sheng and Citovsky 1996; 
Zambryski 1992). 
 
Both VirD2 and VirE2 contain two nuclear localisation signal (NLS) to 
promote nuclear uptake of the T-complex (Citovsky et al. 1992; Howard et al. 1992). 
VirD2 NLSs are of the monopartite and bipartite type located at the N- and C-terminal 
respectively.  The N-terminal monopartite NLS is located at resides 32-35 (Herrera-
Estrella et al. 1990) and resembles that of the SV40 large T-antigen; a single cluster of 
basic amino acids preceded by a helix breaking residue (Kalderon et al. 1984a; 
Lanford and Butel 1984).   The C-terminal NLS consists of two clusters of basic 
amino acids found at residues 417-420 and 431-434 separated by a, mutation-tolerant 
spacer (Howard et al. 1992).  Multiple studies have demonstrated the ability of the C-
terminal NLS to localise to plant nuclei and yeast nuclei (Citovsky et al. 1994; 
Howard et al. 1992; Koukolikova and Hohn 1993; Koukolikova et al. 1993; Mysore et 
al. 1998; Tinland et al. 1992) in addition to animal cells (Guralnick et al. 1996; Relic 
et al. 1998).  Evidence suggesting the nuclear localisation ability of the monopartite N-
terminal NLS in plant and yeast cells has been presented (Herrera-Estrella et al. 1990; 
Tinland et al. 1992) although not supported by groups conducting similar studies 
(Howard et al. 1992; Bravo-Angel et al. 1998).  Despite these apparent contradictions 
it is likely that the close proximity of the N-terminal NLS to the VirD2 tyrosine 29-5’ 
T-DNA bond (Vogel et al. 1992) occludes the NLS from potential recognition by host 
factors.  
 
The two NLSs in VirE2 are of the bipartite type and are located in its central 
region (residues 205-221 and 273-287) and can target linked reporter genes to plant 
cell nuclei (Citovsky et al. 1994 and 1992; Tzfira and Citovsky, 2000; Zupan et al. 
2000; Gelvin, 2000).  VirD2 demonstrates NLS-dependant nuclear accumulation in 
yeast, HeLa and human kidney cells whereas VirE2 does not (Rhee et al. 2000; Relic 
et al. 1998; Ziemienowicz et al. 1999).  In contrast, another study showed octopine 
VirE2 accumulation in the nuclei of permeabilized HeLa cells although it failed to 
mediate nuclear import of fluorescently labelled ssDNA while VirD2 could  
(Ziemienowicz et al. 1999).  It has been proposed that the positioning of the VirE2 
NLSs at the ssDNA binding site occludes the sites from potential recognition by host 
proteins.  However, it appears that non-plant cells may lack a subset of factors that 
recognize VirE2 and help its nuclear uptake in plant cells.  This is apparent as VirD2 
microinjected into Xenopus oocytes or Drosophila embryos localises to the nucleus yet 
VirE2 requires NLS modification before recognition and localisation by these animal 
systems (Guralnick et al. 1996).   
 
The exact importance of the VirE2 NLSs for T-complex transfer is difficult to 
assess as mutations to these bipartite sequences also affect ssDNA binding (Dombek et 
al. 1997; Citovsky et al. 1992).   Whether or not VirD2 and VirE2 use different host 
mechanisms to enter the nucleus is unclear.  However it is thought that VirD2 and 
VirE2 work in tandem to achieve nuclear localisation of the T-complex.   Indeed, an 
Agrobacterium strain lacking VirE2 and also exhibiting a specific VirD2 carboxyl-
terminal NLS deletion has been shown to be avirulent against wild-type tobacco but 
was capable of forming tumors on transgenic tobacco expressing VirE2 (Gelvin 1998).  
Corroborative evidence from independent research groups has demonstrated that 
Agrobacterium strains containing a virD2 gene with a NLS deletion retain almost full 
virulence (Mysore et al. 1998; Shurvinton et al. 1992).  This demonstrates that despite 
the dysfunctional nature of the mutant VirD2, VirE2 is able to direct T-complex 
localisation to the nucleus as also demonstrated by Zupan et al. (1996).  Furthermore 
VirD2 alone can import short ssDNA but the combination of both VirD2 and VirE2 is 
necessary to import long ssDNA (Ziemienowicz et al. 2001).  Such results highlight 
the importance of VirE2 in the packaging of the T-complex in a format acceptable for 
nuclear import. 
 
Conversely some groups have produced results that contradict the 
aforementioned experiments.  Indeed similar Agrobacterium strains harbouring a 
VirD2 bipartite NLS deletion displayed an almost complete loss of transformation 
regardless of the presence of VirE2 (Rossi et al. 1993).  In addition evidence form an 
animal model system supports these findings.  Ziemienowicz et al. (1999) 
demonstrated the necessity of both VirD2 and VirE2 to localise in vitro-synthesised T-
DNA in permeabilized HeLa cells and that VirE2 could not compensate the loss of 
function of VirD2. 
 
The contradictions presented have been attributed to the types of NLS deletions 
examined and how they may have disrupted the other functions of the protein in 
question (Gelvin 2000).  Without further research the role of VirD2 and VirE2, their 
interplay and complementation of each other in relation to nuclear import will remain 
subject to continued speculation. 
 
Recently a novel protein of Agrobacterium origin has been found to associate 
with the T-complex and possibly assist in nuclear localisation.  VirE3 was initially 
found to translocate into S. cerevisiae (Schrammeijer et al. 2003) before similar 
findings in plant cells (Vergunst et al. 2003; Lacroix et al. 2005).  VirE3 exhibits 
similarities to the C-terminal export signal of VirE2 (Vergunst et al. 2000) and 
harbours a bipartite N-terminal NLS capable of targeting the protein to tobacco and 
onion cell nuclei (Lacroix et al. 2005; Garcia-Rodriguez et al. 2006).  Furthermore 
Lacroix et al. (2005) go on to demonstrate VirE3s ability to interact with VirE2 
independently of its NLS and also localise VirE2 to mammalian cell nuclei.  The 
authors proposed that via convergent evolution VirE3 adapted to mimic known plant 
cell proteins to act as an additional link between VirE2 on the T-complex and potential 
host proteins with an affinity for the VirE3 NLS.  The results introduce a new player to 
the equation that may be capable of assisting T-complex nuclear import.  Further 
analysis of VirE3 function is required to clarify its role in Agrobacterium-mediated 
transformation but it should be noted that the efficiency of transformation in the 




1.3.2 Inside the host nucleus 
One of the concluding and crucial steps of plant cell transformation by 
Agrobacterium is integration of the T-DNA into the host chromosome.  The T-DNA 
itself carries no specific targeting signal nor does it encode any transport or integration 
functions.  The process of genomic integration is therefore derived from host factors or 
proteins originating from the Agrobacterium and translocated into the host during 
infection.  One such bacterial protein is VirD2 which is thought to pilot the T-complex 
into the nucleus through the nuclear pore complex.  Interestingly VirD2 has also 
exhibited DNA ligase like activity and is capable of rejoining the cleaved products of 
its nuclease activity in vivo (Pansegrau et al. 1993).  This fact coupled with its 5’end 
association to the T-DNA indicates possible involvement in T-DNA integration in 
planta (Tinland et al. 1995).  Indeed VirD2 contains a conserved H-R-Y integrase 
motif (consistent with several recombinases from bacteriophages) which, when 
mutated, effects the precision of integration yet maintains both integration and nuclear 
targeting efficiency (Tinland et al. 1995).  The null effect of the R-to-G active site 
mutation of VirD2 on integration efficiency is surprising and has switched attention to 
the involvement of other motifs within the protein.   
 
One such motif is located on the C-terminal of VirD2 and is termed “omega”.  
This motif is separate from the endonuclease and nuclear targeting motifs of VirD2.  
Interestingly when mutated the resulting strain is less virulent in tumorigenesis 
formation by two orders of magnitude (Shurvinton et al. 1992) an effect attributed to a 
decrease in stable transformants as oppose to inefficiencies in nuclear import (Mysore 
et al. 1998; Narasimhulu et al. 1996).  The few resulting tumors that do arise from 
transfection with this mutant strain contain relatively intact 5’ ends in the integrated T-
DNA suggesting the accuracy of integration is maintained despite the loss of 
efficiency (Mysore et al. 1998).  It seems likely that a combination of different motifs 
rather than a reliance on the putative DNA ligase function accounts for the T-DNA 
integration.  Indeed, the deletion of the VirD2 omega sequence alone did not prevent 
stable transformation occurring after transfection with the respective A. tumefaciens 
mutant (Bravo-Angel et al. 1998).  Alternatively the deletion or mutation of the 
conserved omega region could result in conformational changes thus inhibiting VirD2 
in its integration ability.  However the ligase function of VirD2 remains controversial.  
Initial studies establishing VirD2 as a single stranded DNA ligase in vivo (Pansegrau 
et al. 1993) have been contradicted by findings that purified VirD2 failed to promote 
oligonucleotide ligation in vitro whereas a ligation-integration reaction was promoted 
by both plant extracts and prokaryotic DNA ligase (Ziemienowicz et al. 2000).  It has 
since been proposed that while VirD2 may recruit and function with plant proteins in 
vivo it is probably the host ligase and not VirD2 that is the major player in T-DNA 
integration, although knock out studies remain inconclusive (van Attikum et al. 2003). 
 
In contrast to VirD2, VirE2s role in T-DNA integration is likely an indirect one 
attributed to shielding of the T-DNA from nucleolytic degradation (Christie et al. 
1988; Citovsky et al. 1989; Das et al. 1988; Gietl et al. 1987; Sen et al. 1989) during 
transport through the cytoplasm (Yusibov et al. 1994) and/or in the nucleus itself.  
Plant cells transformed by attenuated VirE2 mutant A. tumefaciens strains display 
extensive 3’end T-DNA degradation (Bravo-Angel et al. 1998) (the 5’end being 
protected by VirD2 association) however the efficiency of T-DNA integration into the 
plant genome is VirE2 independent (Rossi et al. 1996). 
 
Consistent with other foreign DNA integration models in plant systems 
(Offringa et al. 1990; Paszkowski et al. 1998), the T-DNA integrates into the plant 
chromosome by illegitimate recombination (Gheysen et al. 1991; Mayerhofer et al. 
1991).  Initially it was proposed that the T-DNA integration itself is not site specific as 
the integrated T-DNA’s appeared to be distributed randomly throughout the plant 
genome.  However more resent studies have indicated areas of the plant genome that 
are more susceptible to T-DNA integration (Alonso et al. 2003; Rosso et al. 2003).  
Indeed analysis of T-DNA integration sites in both A. thaliana and tobacco plants has 
uncovered regions of microhomology between the T-DNA ends and the pre-insertion 
sites (Matsumoto et al. 1990; Mayerhofer et al. 1991; Gheysen et al. 1991).  In some 
cases the integrated T-DNA were subjected to 3’ or 5’ end deletions.  Interestingly the 
more severe deletions were observed on the susceptible 3’end were longer 
microhomologies occurred. 
 
Such evidence prompted the proposal of two potential T-DNA integration 
models; the single-strand-gap repair (SSGR) and the double-strand-break repair 
(DSBR) model.  The SSGR model is initiated by a single strand nick in the host 
chromosome that is converted to a gap via endonuclease activity.  Microhomology 
annealing between the 3’ and 5’ ends of the T-DNA and the new single strand section 
of the preligation site occurs.  Any T-DNA overhangs are nibbled off and single strand 
ligation to the target host DNA occurs.  The now non-complimentary host strand is 
degraded to make way for replication of the exogeneous T-DNA insert (Tinland 1996; 
Tinland et al. 1995).  While this model is of sound reasoning it cannot account for 
complex T-DNA insertion events where two or more T-DNA copies are arranged in 
the same or reverse orientation and ligated together with or without filler DNA 
sequences between them (Krizkova and Hrouda 1998; De Buck et al. 1999).  It is 
likely that the T-DNA is converted to double strand format as two of the same 
boarders cannot undergo recombination if single stranded.  In addition, it is suspected 
that transient transformation of plant cells occurs as not all of the T-DNA transferred 
into the nucleus is stably integrated into the plant chromosome.  These transient 
transformed cells express the reporter gene encoded within, more often than not at a 
level higher than that of the stably integrated T-DNA (Castle and Morries 1990; 
Janssen and Gardner 1990; Mysore et al. 1998; Nam et al. 1997; Narasimhulu et al. 
1996).  This phenomenon would require a transcriptionally competent double stranded 
T-DNA format (Narasimhulu et al. 1996).  Such lines of evidence indicate that a 
double stranded intermediate is formed prior to integration thus prompting the DSBR 
model.  In addition the presence of a rare restriction enzyme site within the plant 
genome and also the transfected T-DNA results in frequent insertion of a digested T-
DNA molecule into a double strand break.  Again, this evidence supports the 
formation of a double stranded T-DNA molecule prior to integration as only a double 
strand intermediate is recognized by the restriction enzyme (Jasin 1996). 
 
In the DSBR model a double strand break occurs in the target integration site 
and the single strand T-DNA is converted to double strand format.  The free unwound 
or exonuclease processed ends of the double strand T-DNA and double strand break of 
the target DNA create single strand overhangs which undergo single strand annealing 
in areas of microhomology.  The overhangs are then removed by exo- and/or 
endonucleases and then ligated (Tzfira et al. 2004).  While this model and its 
adaptations (De Buck et al. 1999), addresses the issue of complex T-DNA integration 
and transient gene expression it cannot accurately account for the DNA filler 
sequences found between multiple integrated T-DNA copies. 
1.4 Host factors involved in Agrobacterium-mediated transformation 
Agrobacterium possesses a rare ability to transform a broad range of host 
species.  This is in stark contrast to the majority of pathogens that typically retain a 
limited, if any, ability to affect species outside their natural host genus.  Interestingly 
the key to Agrobacteriums host promiscuity lies within its ability to hijack common 
cellular processes regardless of the host.  Ironically it is this host promiscuity that 
researchers are exploiting to uncover potential host mechanisms at play during the 
different stages of transfection.  Still relatively little is known about these host factors 
when compared with the in-depth understanding of Agrobacteriums virulence 
machinery.  However, knowledge of such fundamental cellular functions is essential if 
we are to understand the basic molecular mechanisms behind genetic transformation of 
eukaryotic cells.  For this purpose the Agrobacterium model system could prove 
invaluable.  Previously discussed are the stages involved in Agrobacterium mediated 
transformation.  A limited number of host factors have been identified that assist in 
these different stages including, attachment of bacteria to the host, transport and 
nuclear import of the T-complex and finally the genomic integration of the T-DNA 
(Fig. 1.3). 
Fig. 1.3 Proposed host factors involved in 
the intracellular trafficking and 
processing of the T-complex in 
planta 
 
(a) T-complex entry via type IV 
secretion system.  Proposed transport 
along microtubules to the nucleus 
(c) Nuclear entry by through the NCP 
facilitated by karyopherins T-
complex targets histone and 
intergenic regions 
(d) T-complex uncoated by proteolysis 
of VirE2 by ASK1 to liberate the T-
DNA 
(e) Multiple plant proteins involved 
DNA repair aid T-DNA integration 
 
(Tzvi and Citovsky 2006) 
1.4.1 Host factors involved in Agrobacterium to host attachment  
To successfully deliver the T-complex into the host cell, Agrobacterium must 
utilise and exploit external host factors for secure attachment.  Despite the importance 
of Agrobacterium to host attachment, very few host factors have been identified and 
the subsequent function of those that have remain elusive. The attachment of 
Agrobacterium to plant cell host is a reversible and therefore thought to be mediated 
by a protease sensitive molecule that resides on the plant cell surface (Gurlitz et al. 
1987; Matthysse and Gurlitz 1982; Neff and Binns 1985; Neff et al. 1987). Two 
putative receptors that have been identified originate from the plant cell wall, a 
vitronectin-like protein (Wagner and Matthysse 1992) and a rhicadhesin-binding 
protein (Swart et al. 1994).  This is surprising as preliminary research suggests that the 
plant cell wall may play a limited, if any, role in assisting Agrobacterium attachment 
(Firoozabady and Galbraith 1984) although it cannot be ruled out that small fragments 
of cell wall where still present in this aforementioned study (Binns 1991). 
 
Interestingly proteins of the vitronectin family are exploited by pathogenic 
bacteria such as Haemophilus influenzae (Hallstrom et al. 2006), Streptococcus 
pyogenes (Liang et al. 1997) and Staphylococcus aureus (Paulsson and Wadstrom 
1990) for attachement to mammalian cells.  Wagner and Matthysse (1992) showed that 
the addition of human vitronectin and antivitronectin antibodies inhibited the binding 
of A. tumefaciens.  In addition, A. tumefaciens was also able to bind radio-labelled 
vitronectin, an interaction independent of high ionic strength while mutant strains that 
display a defective ability to attach to plant cells also showed reduced vitronectin 
binding capability (Wagner and Matthysse 1992). 
 
A glycoprotein with rhicadhesin binding ability has also been isolated from the 
cell wall of pea roots. This glycoprotein is thought to act as a receptor for the bacterial 
rhicadhesin and contains a conserved arginine-glycine-aspartic attachment motif 
similar to that of vitronectin (Swart et al. 1994).  This glycoprotein is thought to be 
involved in the first direct attachment of the bacteria to plant cells and is mediated by 
the bacterial Ca
2+
 binding protein rhicadhesin (Smit et al. 1989) before formation of 
bacterial cellulose fibrils (Matthysse 1987).  Interestingly A. tumefaciens chvB and 
chvA mutants that lack cyclic beta-1, 2-glucan export and synthesis function and also 
exhibit attachment deficiency amongst other phenotypic changes (Douglas et al. 1985; 
Puvanesarajah et al. 1985).  Moreover the chvB mutant lacks active rhicadhesin 
function (Swart et al. 1993) although the addition of Ca
2+
 under certain conditions can 
restore rhicadhesin activity and plant cell binding (Swart et al. 1994b).  
 
By far the most intriguing development in the field of Agrobacterium to plant 
cell attachment is the discovery of a number of Arabidopsis ecotypes that displayed a 
low susceptibility to Agrobacterium-mediated transformation (Nam et al. 1997).  Two 
of these ecotypes (B1-1 and Petergof) exhibited fewer numbers of Agrobacterium 
bound to the root surface when compared to the highly susceptible ecotypes (Aa-0).  
Although the exact genes responsible for the decrease in Agrobacterium to the B1-1 
and Petergof ecotypes remain unknown a later screening of the Feldmann Arabidopsis 
T-DNA insertion library (Feldmann and Marks 1987; Winkler et al. 1998) and other 
similar libraries showed about 0.7% of the mutant lines are deficient in 
Agrobacterium-mediated plant transformation (Nam et al. 1999; Zhu et al. 2003). 
 
In total 126 mutants were found that display some degree of resistance to 
Agrobacterium transformation (termed rat mutants), however only rat1, 3 and 4, 
appear to have lost functions associated with Agrobacterium attachment to root surface 
(Nam et al. 1999; Zhu et al. 2003).  The rat1 mutant was found to encode an 
arabinogalactan protein (AGP).  AGP is an extracellular proteoglycan implicated in 
many plant growth and developmental processes and expressed only in roots (Hengel 
and Roberts 2003).  AGP when blocked by active –glucosyl Yariv reagent prevented 
Agrobacterium-transformation of Arabidopsis root segments although this 
phenomemon was not observed when inactive –glucosyl Yariv reagent is used 
(Gaspar et al. 2001).  More recent studies have shown the reduced binding of 
Agrobacterium correlates with the down-regulation of the AGP coding gene, AGP17 
(Gaspar et al. 2004).  In comparison relatively little is know about rat3 other than it 
encodes a small putative cell wall protein that is likely secreated to the apoplast (Nam 
et al. 1997; Nam et al. 1999).  Interestingly the resistance to Agrobacterium-mediated 
transformation of the rat1 and rat3 mutants or the B1-1 and Petergof ecotypes is not 
reflected in their female gametophytes, which remain transformable (Mysore et al. 
2000). 
 
The rat4 mutant encodes a cellulose synthase-like protein CSLA9, which has 
been shown to be active in the root elongation zone (Zhu et al. 2003b).  Interestingly it 
is this region of active growth that has been shown to be most susceptible to 
Agrobacterium-mediated transformation (Yi et al. 2002).  Disruption of the CSLA9 
gene results in a reduced rate of lateral root growth and a limited reduction in binding 
potential of Agrobacterium to roots, however the precise function of the protein 
remains largely elusive (Zhu et al. 2003b). 
 The aforementioned factors indicate suspected Agrobacterium-plant cell 
anchors that are hypothesised to stabilize the transfection process via the type IV 
secretion system.  It is logical to assume the T-pilus may also associate with factors on 
the host cell surface once attachment has occurred.  Indeed, by using VirB2 (the major 
component of the T-pilus) as bait to screen an A. thaliana cDNA library four such 
proteins were identified (Hwang and Gelvin, 2004).  These include VirB2 interacting 
proteins (BTIs) of unknown function along with a membrane associated GTPase 
(AtRAB8).  Suppression of these genes by antisense and RNA interference also results 
in reduced susceptibility to Agrobacterium-mediated transformation when compared 
to the wild-type counterparts.  Localization data also indicates a preferential build-up 
of the BTI proteins to the periphery of the root, a potential point of high transfection 
susceptibility.  Surprisingly the level of BTI1 increases immediately after 
Agrobacterium infection potentially indicating a positive feedback mechanism 
(Hwang and Gelvin 2004). 
 
1.4.2 Host factors involved in the intracellular transport of the T-complex 
As discussed preciously, once the T-strand is translocated into the host cell, it 
most likely associates with VirE2 to for the T-complex (Otten et al. 1984; Citovsky et 
al. 1992; Yusibo et al. 1994; Sundberg et al. 1996; Simone et al. 2001; Lacroix et al. 
2006).  Once formed the T-complex must travel through the dense structure of the 
cytoplasmic matrix to reach the nucleus.  Recent studies have begun to address the 
process behind T-complex transport.  It is speculated that the transport process is an 
active one as diffusion of large structures through the cytoplasm is not efficient due to 
the restrictive mesh of actin, microtubules and other cytoskeletal networks (Luby-
Phelps 1994; Luby-Phelps 2000).  This is evident as microtubules with their respective 
motors are classically associated and actively transport vesicle and organelles as well 
as assist in the endocytosis and exocytosis pathways and endoplasmic reticulum, 
mitochondria and nuclear migration (Hirokawa 1998).  Surprisingly both actin and 
microtubules have been linked to the transport of nonmembraned molecular cargo 
such as mRNA export from the nucleus (Tekotte and Davis 2002; Lopez de Heredia 
and Jansen 2004). 
 
One recent study generated interesting results and presents a powerful case for 
T-complex transport via microtubules and more specifically its related motor protein, 
dynein (Salman et al. 2005).  This study makes statistical comparisons of two types of 
VirE2 protein associated with M13 single stranded circular DNA.  The wild-type 
VirE2 (or plVirE2) has a plant specific NLS and does not permit nuclear entry in 
animal or yeast systems (Lacroix et al. 2006; Tzfira et al. 2005).  However 
manipulation of 2 amino acids in either of the NLS regions converts the signal into a 
format recognisable by animal systems for nuclear import (Guralnick et al. 1996) thus 
creating an animalized version of VirE2 (or anVirE2).  Salman et al. (2005) developed 
a motility assay to track the movement of the two different fluorescently labelled 
VirE2-ssDNA complexes in Xenopus egg extract.  Automated tracking of the anVirE2 
and plVirE2 in samples treated with either nocodazole (depolymerize microtubules), 
cytochalasin D (depolymerize actin), sodium orthovanadate (dynein inhibitor) or 
AMP-PNP (kinesin inhibitor) concluded that the anVirE2-ssDNA complex was 
actively transported along microtubules and not actin in a dynein but not kinesin 
dependent manner.  In addition anVirE2 was observed to move along sea urchin 
axoneme segments anchored to a coverslip at velocities between 1.0μm – 1.5μm.  In 
contrast, plVirE2 failed to associate with microtubules, their fluorescent signal drifting 
vertically out of the focus.  Indeed, the limited movement was attributed to thermally 
driven subdiffusion as oppose to Brownian motion (Salman et al. 2005).  It should also 
be noted that many mammalian viruses are already known to exploit and hijack dynein 
and the microtubule transport pathway for delivery to the nuclear envelope and 
ultimately the nucleus itself (Sodeik et al. 1997; Suomalainen et al. 1999; 
Seisenberger et al. 2001; Dohner et al. 2002; Mabit et al. 2002; McDonald et al. 2002; 
Suikkanen et al. 2003; Kelkar et al. 2004). 
 
While this preliminary research is indicative of microtubule and dynein 
involvement in T-complex transport, many issues must first be addressed.  The most 
immediate of which is the discovery and characterization of dynein-like motors in 
plants although promising research into a dynein-like Arabidopsis protein, DCL3, may 
soon resolve this issue (Citovsky et al. 2007).  In addition a molecular connection 
between dynein and NLS harbouring proteins must be characterized.  Again, new 
studies have also begun to address this issue.  Mesika et al. (2005) demonstrated that 
the function of the karyophilic protein extends to roles in cytoplasmic shuttling as 
oppose to just nuclear import duties.  The authors adopted biophysical techniques to 
track fluorescently labelled plasmid DNA bound to transcription factor p50 or p50
NLS
 
within HeLa cells.  Nuclear envelope accumulation rates of the p50-DNA complex 
was greater than those of naked DNA or p50
NLS
 –DNA.  This was attributed to a 
superior migration rate due to the NLS harbouring p50 transcription factor.  
Microtubule chemical disruption or treatment with antibodies against dynein repressed 
the rate at which p50-DNA can accumulate at the nuclear envelope (Mesika et al. 
2005). 
 Should these findings be corroborated by further studies it is understandable to 
see why both protein constituents of the T-complex, VirE2 and VirD2, encode two 
NLSs apiece.  Even proteins found to interact with VirE2, whether they are of 
bacterial, (VirE3) or plant, (VIP1) origin, do so to better present a NLS to the host 
karyopherin proteins (Lacroix et al. 2005; Tzfira et al. 2001).  VIP1, or VirE2 
interacting protein, contains a bZIP motif and appears to be unique to plant species 
with no apparent yeast or animal homolog.  It was initially identified by screening the 
Arabidopsis cDNA library with the yeast-two-hybrid system and was shown to 
promote VirE2 entry into non-plant systems such as S. cerevisiae during co-expression 
studies.  Unlike VirE2, VIP1 was shown to undergo nuclear import in both yeast and 
mammalian cells (Tzfira et al. 2001; Citovsky et al. 2004) due to interaction with plant 
and animal -importins (Tzfira et al. 2002).  Nuclear import of VirE2 is impaired in 
VIP1 antisense transgenic plants as are early stages of T-DNA gene expression (Tzfira 
et al. 2001).  Conversely more recent studies have demonstrated an increased plant 
susceptibility to Agrobacterium infection by overexpressing the VIP1 gene (Tzfira et 
al. 2002).  Such results suggest that VIP1 forms a ternary complex with VirE2 and the 
single strand T-DNA effectively acting as an adaptor between VirE2 and the host -
importin (Tzfira et al. 2002; Citovsky et al. 2004).  The similarities between VirE3 
and VIP1 with regard to nuclear import (Lacroix et al. 2005) highlight the importance 
for the T-complex to display a recognizable NLS. 
 
A second VirE2 interacting protein, has also been identified (VIP2) that can 
also interact with VIP1.  The C-terminus of VIP2 is homologous to Drosophila Rga, a 
protein involved in chromatin protein and transcription complex mediation (Frolov et 
al. 1998) thus VIP2 may potentially recognize and associate with plant chromatin 
(Tzfira and Citovsky 2000).  However, VIP2 has no effect on the intracellular 
localization of VirE2 in yeast or mammalian cells prompting suspicion it may function 
in a multiprotein complex with both VIP1 and VirE2 to facilitate nuclear targeting 
and/or participate in transport to the integration site, a role similar to the yeast Kap114 
protein (Pemberton et al. 1999). 
 
The success of screening Arabidopsis cDNA library using the yeast two-hybrid 
system has also been adopted to find proteins that interact with VirD2.  A study by 
Deng et al. (1998) uncovered three isoforms of A. thaliana cyclophilins (CyPs), RocA, 
Roc4 and CypA that interact with VirD2.  More specifically the VirD2 domain that 
interacts with the cyclophilins is distinct from the omega, endonuclease and NLS 
domains.  In vitro treatment with cyclosporin A inhibited VirD2-CyPs interaction and 
abolished A. tumefaciens tumorigenicity in A. thaliana and tobacco.  The cellular 
localization of these three CyPs are still unknown (Hayman et al. 1994; Saito et al. 
1995) although comparisons with their mammalian homologs indicates their presents 
in the cytosol and nucleus, indeed some CyPs function as DNA binding proteins and 
possess nuclease activity to regulate apoptosis (Krummrei et al. 1995).  Considering 
T-DNA integration is usually accompanied by small deletions to both the insertion site 
and T-DNA, it is feasible to hypotheses CyPs involvement in integration although 
evidence is needed to support this theory.  Another possible function of CyPs relates to 
its PPIase activity (Marks et al. 1996) and possible role in assisting VirD2 folding into 
different conformations inside the plant cell. 
 
 
 1.4.3 Host factors involved in T-complex entry to the nucleus 
Once transported through the cytoplasm the T-complex is thought to enter the 
nucleus through the nuclear pore via the classical karyopherin import pathway 
(Howard et al. 1992; Ballas and Citovsky 1997) in a manner reflective of viral 
pathogens (Izaurralde et al. 1999).  As discussed previously, both VirD2 and VirE2 
harbour two NLS sequences each (Herrera-Estrella et al. 1990; Howard et al. 1992; 
Tinland et al. 1992; Rossie et al. 1993; Citovsky et al. 1992).  Proteins encoding a 
viable NLS sequence are known to interact with members of the karyopherin protein 
family in order to be transported through the nuclear pore complex (NCP) and into the 
nucleus (Nakielny and Dreyfuss 1999).  Briefly, karyopherin- binds NLS-containing 
proteins before associating with karyopherin-.  This NLS receptor complex docks at 
the nuclear pore before being imported through the NCP into the nucleus (Gorlich et 
al. 1995a;  Gorlich and Mattaj 1996).  An Arabidopsis karyopherin- protein 
(AtKAP) was found to interact with the C-terminus NLS of VirD2 (Ballas and 
Citovsky 1997).  AtKAP exhibits two distinct features of an importin- protein.  
Firstly, it contains eight contiguous repeats of the “arm motif” (Riggleman et al. 1989; 
Peifer et al. 1994) though to be involved in NLS binding (Gorlich and Mattaj 1996) 
and secondly, the N-terminal contains four clusters of basic amino acids that bind to 
importin- (Gorlich and Mattaj 1996).  Functional studies were conducted in S. 
cerevisiae instead of Arabidopsis due to AtKAP homology wit the S. cerevisiae 
importin- (SRP1) and AtKAP ability to complement the temperature sensitive srp1-
31 mutant.  Not only could expression of AtKAP rescue the temperature sensitive S. 
cerevisiae srp1-31 mutant but it also displayed the ability to import VirD2 in the 
permeabilized yeast mutant at the normally restrictive temperature of 37°C.  
Interestingly however interaction between AtKAP was not observed with VirE2 
(Ballas and Citovsky 1997) whose nuclear import in Arabidopsis is likely still reliant 
on karyophilic proteins but via the VIP1 and or VirE3 intermediate (Tzfira et al. 2001; 
Lacroix et al. 2005).  Regardless, the complementation of plant proteins in yeast 
mutants goes some way to highlight a potential common import pathway for VirD2 
nuclear entry.   
 
In an independent study an additional three Arabidopsis importin- proteins, 
(At1g02690, At1g09270 and At4g02150), were found to interact with VirD2 (Bako et 
al. 2003).  A total of four out of the seven Arabidopsis importin- proteins have been 
shown to interact with VirD2 (Bako et al. 2003; Ballas and Citovsky 1997).  Three, 
AtKAP, At1g09270 and At3g06720 are capable of binding to VirE3 (Lacroix et al. 
2005; Garcia-Rodriguez et al. 2006) with only AtKAP interacting with VIP1 
(Lacroix et al. 2005; Tzfira et al. 2002).  To date no such findings support the 
interaction of an Arabidopsis importin- with VirE2 (Ballas and Citovsky 1997). 
 
The only functional evidence supporting the involvement in karyophilic 
proteins in T-complex nuclear entry has come from the identification of Aribidopsis 
rat mutants.  Disruption of importin-7 and importin-3 (ratJ1) by T-DNA insertion 
has resulted in a rat phenotype thus stressing the importance of nuclear transport in the 
Agrobacterium-mediated transformation process (Zhu et al. 2003). 
  
In addition to the karyopherin- family, a type 2C serine/threonine protein 
phosphatase (PP2C) has also been shown to interact with the C-terminal NLS 
containing region of VirD2 (Tao et al. 2004).  However, this interaction seems to be 
an inhibitory one as overexpression of the DIG3 gene that encodes the PP2C, in BY-2 
protoplasts inhibits nuclear transport of a GUS-VirD2 C-terminal NLS fusion protein 
(Tao et al. 2004).  Likewise, an Arabidopsis abi1 mutant (that lacks a PP2C activity) is 
more susceptible to Agrobacterium-mediated transformation (Meyer et al. 1994).  
Based on these findings Tao et al. (2004) proposed two possible mechanisms for DIG3 
in nuclear import of VirD2/T-DNA complex.  The first proposes that DIG3 association 
and dissociation with VirD2 works to mask or unmask the NLS in a similar 
mechanism to that used by NF-B/IkB family of proteins (Liou and Baltimore 1993).  
The second suggests phosphorylation in the VirD2 NLS region potentiates nuclear 
import of VirD2/T-complex similar to the reported nuclear import of karyophilic 
proteins in animal and yeast cells (Vandromme et al. 1996).  This second proposal is 
supported by evidence of several potential phosphorylation sites in the VirD2 C-
terminal including one lysine residue located in the NLS and a serine residue (Ser-
394), which when mutated to alanine affected DIG3 binding to and nuclear import of 
VirD2. 
 
In addition to Tao et al. (2004) and the analysis of Arabidopsis rat mutants, 
further evidence will be necessary to determine the wider role played by kinases 
(ratT8 and ratT9) and phosphatases (rat2A, a type 2A phosphoprotein phosphatase) in 
the Agrobacterium-mediated transformation process (Zhu et al. 2003). 
 
1.4.4 Host factors involved in intranuclear T-DNA processing 
The T-DNA must first become double stranded prior to the expression of the 
genes encode therein.  If these genes are to become stably expressed the T-DNA must 
either become integrated into the host genome or exist as an extragenomic entity, such 
as a plasmid (Bundock et al. 1995) or mini chromosome (Piers et al. 1996).  The T-
DNA must first be uncoated from its cognate proteins like VirE2.  This is thought to 
occur with the assistance of VirF, a 22kDa protein that is translocated into the host via 
the VirB/D4 channel (Schrammeijer et al. 2001; Vergunst et al. 2000).  VirF interacts 
with the S. cerevisiae protein Skp1 through its F-box to form a subunit of a class of E3 
ubiquitin ligases called the SCF complexes (Schrammeijer et al. 2001; del Pozo and 
Estelle 2000).  The interaction of VirF with the plant homolog of Skp1, ASK1, may be 
involved in the targeted proteolysis of specific host proteins (Schrammeijer et al. 
2001) and/or VIP1 and VirE2 to liberate the T-DNA (Tzfira et al. 2004b).   
 
Tzfira et al. (2004b) showed VirF and ASK1 interacts with VIP1 but not VirE2 
or VirD2 and that GFP tagged VirF and ASK1 accumulated in the nuclei of plant cells.  
Co-expression of GFP fused VIP1, VirE2 and VirD2 with unfused VirF in yeast cells 
shown a 75% reduction in VIP1 signal and a 60% VIP1 dependent destabilization of 
VirE2.  Similar results were reflected in planta in addition to the effect of proteasome 
inhibitor MG132 to repress early T-DNA expression.  Such combined evidence is in 
concordance with the hypothesis that VirF specifically destabilises VIP1 and VirE2 
via SCF mediated proteolysis inside the nucleus prior to T-DNA gene expression 
and/or integration (Tzfira et al. 2004b). 
 
1.4.5 Host factors involved in T-DNA integration 
As previously discussed, the genomic integration of T-DNA most likely occurs 
by a double strand break repair model via a double stranded T-DNA intermediate 
(Tzfira et al. 2004; Citovsky et al. 2007).  Integration of the T-DNA into the plant 
genome is the last step of the transformation process and is considered to be the most 
dependent on host factors.  Comparative analysis of T-DNA integration sites suggests 
a preferential integration into promoters and AT-rich sequences of transcribed 
chromatin domains by illegitimate recombination (Koncz et al. 1989; Mayerhofer et 
al. 1991; Szabados et al. 2002; Brunaud et al. 2002).  This phenomenon can be 
attributed to VirD2 association with a highly conserved TATA box-binding protein 
(TBP) (Nikolov et al. 1992), in transformed Arabidopsis cells (Bako et al. 2003).  TBP 
play a duel role in transcription regulation and also transcription-coupled repair (TCR) 
(Balajee and Bohr 2000).  Briefly, TCR occurs when RNA polymerase II becomes 
stalled at DNA lesions, to which TBP and TFIIH is selectively recruited (Vichi et al. 
1997; Coin et al. 1998; Tijsterman et al. 1998).  Such VirD2 associations and 
subsequent recruitment could explain why T-DNA frequently integrates into 
transcribed chromation domains. 
 
Most of our understanding of the T-DNA integration process stems from the 
ability of Agrobacterium to transform S. cerevisiae (Piers et al. 1996; Bundock et al. 
1995) Such a powerful model system has embodied researchers with the capabilities in 
which to explore the host factors at play during T-DNA integration.  In S. cerevisiae 
T-DNA can be coerced into integration via homologous recombination (HR) 
(Bundock et al. 1995; Risseeuw et al. 1996) or non-homologous (NHR) illegitimate 
recombination (Bundock and Hooykaas 1996) as is typically reflected in the plant 
system.  Using Agrobacterium to infect S. cerevisiae mutants defective in specific 
DNA repair genes identified a number of proteins involved in the T-DNA integration 
process either by HR or NHR (van Attikum and Hooykaas 2003; van Attikum et al. 
2001). 
 
Ku70, Rad50, Mre11, Xrs2, Lig4 and Sir4 were all found to be key proteins 
involved in T-DNA integration by NHR but not HR.  Instead, Rad51 and Rad52 were 
shown to be essential for T-DNA integration by HR.  Ku70 is a double strand DNA 
binding protein when deleted only allowed T-DNA integration via the HR pathway.  
Conversely the opposite effect was observed in the Rad52 mutant as integration was 
only observed via the NHR pathway.  Ku70 and Rad52 appeared to be the key 
determinants in their respective integration mechanisms with a double Ku70 Rad52 
mutation completely abolishing T-DNA integration (van Attikum and Hooykaas 2003; 
van Attikum et al. 2001). 
 
Plant system displays a very low rate of DNA genomic integration via HR 
(Kempin et al. 1997), instead preferring NHR and thus preventing the development of 
a much needed and highly sort after method for targeted gene deletion (Puchta 2003).  
This is reflected in the non-homologous end joining (NHEJ) mechanism adopted by 
plant cells to repair DNA double strand breaks (Gorbunova and Levy 1999).  
Considering the plants cell DSB repair mechanism and T-DNA integration patterns 
plus an understanding of T-DNA integration into S. cerevisiae, it is likely genomic 
integration of T-DNA occurs via a NHEJ mechanism in plants.  
 
Supporting evidence comes from two Arabidopsis mutants hypersensitive to 
radiation and also deficient in T-DNA integration (Sonti et al. 1995).  One of the 
Arabidopsis mutants was defective in a gene (rad5) with close homology to S. 
cerevisiae RAD51.  The other mutant, uvh1, displayed hypersensitivity to an antibiotic 
(bleomycin) that causes DNA disruption through single and double strand breaks 
(Myung and Kolodner 2003) in addition to a slight reduction in susceptibility to 
 Agrobacterium-mediated transformation (Nam et al. 1998; Preuss et al. 1999; 
Chateau et al. 2000).  Taking these results into account, there appears to be a link 
between inability to efficiently repair double strand DNA breaks and decrease 
susceptibility to transformation by Agrobacterium.  However work on two other 
Arabidopsis genes, AtKU80 and AtLIG4, has produced inconclusive results with 
regard to susceptibility to Agrobacterium-mediated transformation despite their critical 
role in NHEJ (Tzfiza et al. 2004; Citovsky et al. 2007).  This is perplexing as AtKU80 
functions in a complex with AtKU70 and can be immunoprecipitated with double 
stranded T-DNA molecules from Agrobacterium-infected plants (Li et al. 2005).  
 
Moreover it has been shown that T-DNA integration may occur at “hot points” 
such as intergenic regions that are commonly unpacked to allow access to promoter 
sequences (Alonso et al. 2003) and also require the participation of host DNA packing 
proteins.  For example, the Arabidopsis rat5 mutant has been found to be defective in 
the histone H2A gene (Mysore et al. 2000b).  This rat5 mutant can be transiently but 
not stably transformed at frequencies equal to that of the wild type (Mysore et al. 
2000b; Nam et al. 1999).  Interestingly, Arabidopsis tissues that display a higher 
expression level of histone H2A are also more susceptible to Agrobacterium infection 
(Yi et al. 2002).  Indeed, overexpression of an additional copy of the RAT5 gene in 
transgenic Arabidopsis increased stable transformation frequencies to 2-3 times when 
compared to that of the wild type, as did expression of RAT5 from the transforming T-
DNA (Mysore et al. 2000b).   
 
It seems probable that transcription and DNA repair events that both result in 
the temporary unpacking of DNA, attract T-DNA and the necessary host factors 
involved in NHEJ to potential regions for T-DNA integration.  Tzfira et al. (2004) 
proposed a model in which VirD2 is replaced by the heterodimer AtKU70-AtKU80 
that binds to both ends of double stranded T-DNA to stabilize and possibly recruit 
DNA dependent protein kinase (DNA-PK) (van Gent et al. 2001).  In this model the 
double-strand break is likely the result of DNA unpacking through H2A modification 
and the recruited dsDNA-AtKU80/70-DNA-PK complex ligates to into the plant 
genome via AtLIG4 or similar ligases.  Where and how the plant homologs of Rad50 
and Mre11 come into play and function is as yet unknown (Tzfira et al. 2004; van 
Gent et al. 2001). 
 
 
1.4.6 Host factors involved in gene expression 
VirE3 is translocated into the host (Schrammeijer et al. 2003) and is attributed 
with functions.  Initially VirE3 aids in T-DNA nuclear transport by acting as a bridge 
between VirE2 and at least three members of the Arabidopsis importin- family 
(Lacroix et al. 2005; Garcia-Rodriguez et al. 2006).  Inside the nucleus VirE3 has 
suspected involvement in transcription based on two major finding.  First, when fused 
to the Gal4-DNA-binding domain VirE3 is itself able to promote gene transcription in 
S. cerevisiae, a process independent of its N-terminal.  Second, VirE3 has been found 
to associate with pBrp, a novel plant specific transcription factor IIB (TFIIB) (Garcia-
Rodriguez et al. 2006).  It is unclear whether or not VirE3 plays a direct or indirect 
role in transcription.   One possibility is that VirE3 acts as a link between pBrp and the 
importin- machinery similar to proposals made by Lacroix et al. (2005) in relation to 
VirE2 nuclear import.  This is feasible as pBrp is located at the cytosolic face of the 
plastid envelope and only stimulated to function by recruitment (Cosma 2002).  Thus, 
the pBrp-VirE3 interaction, or solely pBrp recruitment into the nucleus, could induce 
transcription of plant genes or those harboured on the T-DNA.  Incidentally the poor 
performance of virF and virE3 double mutants to form tumours in tomato, tobacco and 
sunflower plants points to a conjoined function, and T-DNA gene expression. In this 
model VirF forms a SCF complex to induce VirE2 proteolysis thus allowing the 
uncoated T-DNA to become double stranded and the genes therein expressed, possibly 
with assistance from VirE3 (Garcia-Rodriguez et al. 2006). 
 
1.5 Plant immunity 
Not only has Agrobacterium evolved to transfect its natural host through 
exploitation of universal transport and integration systems, it has also adapted to 
suppress the negative effects of plant immunity.  There are three plant immune 
response pathways to Agrobacterium infection, pathogen-associated molecular 
patterns (PAMPs) (Nurnberger et al. 2004), systematic acquired resistance (SAR) 
(Durrant and Dong 2004) and RNA silencing (Bisaro 2006).  Evidence suggests 
Agrobacterium has evolved to counteract the effects of both SAR (Gasper et al. 2004) 
and RNA silencing (Dunoyer et al. 2006) yet remains susceptible to PAMP (Zipfel et 
al. 2006). 
 
The use of microarray expression profiling has identified defence related genes 
that are upregulated as early as 3-6 hours after Agrobacterium inoculation. However, 
most of these genes appear to become repressed at 30-36 hours (Veena et al. 2003).  
Furthermore, both transfer competent and transfer deficient Agrobacterium strains 
showed early upregulation of defence related genes but only transfer competent strains 
displayed an ability to suppress these genes during the later stages of infection.  
Moreover, upregulation of plant genes known to be important for cell growth such as 
EF-1 (elongation factor 1) and T-DNA integration proteins such as histone H2A, 
occurs when infected with transfer competent starains.  Veena et al. (2003) goes on to 
conclude that the transfer of T-DNA and Vir proteins modulates the expression of host 
genes required for the success of transformation.  
 
The fact that both transfer competent and transfer deficient strains can exact 
upregulation of defence related genes assumes the plant perceives the bacteria during 
attachment to the host (Ditt et al. 2001; 2005).  Evidence for this originates from the 
Arabidopsis rat1 mutant that displays decreased levels of the Arabinogalactan-protein, 
AtAGP17, due to T-DNA disruption of its promoter (Gasper et al. 2004).  The initial 
hypothesis suggests the rat1 mutant resists Agrobacterium transformation at the early 
stage of infection due to a lack in AGP17 cell surface binding receptors (Gasper et al. 
2001).  Interestingly however, AGP17 has been linked to activation of the SAR 
pathway and via induction of pathogenesis-related (PR) genes to exact a change in the 
intracellular level of salicylic acid (SA) (Shah 2003; Gasper et al. 2004).  Infection of 
wild-type Arabidopsis roots by Agrobacterium resulted in a 4-fold expression 
reduction of the pathogenesis-related genes PR1 and PR5 and also a 40% decrease in 
SA level.  In contrast this phenomenon was not observed in the rat1 mutant (Gasper et 
al. 2004).  Such finding present a second hypothesis that indicates AGP17 plays a role 
in a signalling pathway and is required and or exploited to reduce SA levels when 
Agrobacterium binds to the root thus neutralising the SAR defence response (Gasper 
et al. 2004). 
 
Other than SAR, Agrobacterium has also adapted to counteract the negative 
response effect of RNA silencing in the plant host.  RNA silencing has been shown to 
regulate gene expression through microRNAs (miRNAs) and protect cells against 
invading foreign genetic material such as viruses through small interfering RNAs 
(siRNAs) (Baulcombe 2004; Voinnet 2005).  Therefore it has been proposed that RNA 
silencing could play a potential role in protection against Agrobacterium infection 
(Voinnet el al. 2003).  Indeed, by Agrobacterium-mediated transformation of 
Arabidopsis mutants with specific defects to the RNA silencing machinery it is 
possible to isolate hypersensitive or resistant mutants and therefore determine which 
genes are necessary for RNA silencing defence.  Interestingly microRNA deficient 
plants were almost completely immune to infection while disruptions to genes 
involved in siRNA exhibited a hypersensitive phenotype (Dunoyer et al. 2006).  It 
seems specific suppression of the RNA silencing defence mechanism is preferable for 
tumorogenesis but should not interfere with the disease limiting effects of miRNA-
mediated silencing.  This phenomenom is in contracts to viral infection, which remains 
unaffected by miRNA pathway defects (Xie et al. 2004).  
 
The RNA silencing defence is likely triggered by RDR6-mediated production 
of dsRNA which are subsequently processed into small 21nt long siRNAs with 
sequences corresponding to T-DNA oncogenes.  Such siRNA species have been 
detected in low levels in Nicotiana benthamiana 3 days post infection with 
Agrobacterium.  Interestingly suppression of siRNA mediated gene silencing only 
occurred within tumours in a process independent of the accompanied translocated  
proteins unlike some known plant viruses (Voinnet 2005).  Dunoyer et al. (2006) 
concluded that silencing suppression in tumours occurs downstream of dsRNA 
synthesis and is primarily targeted against Dicer with moderate effects on RISC 
activity. 
 
In contrast to SAR and the RNA silencing defence pathway, the perception of 
PAMP does not appear to be counteracted by the infecting Agrobacterium.  A known 
bacterial PAMP, EF-Tu, and flagellin has been shown to activate a common set of 
signalling events and subsequent defence responses.  Deletion of the Arabadopsis EF-
Tu receptor kinase gene, efr, creates a phenotype hypersensitive to Agrobacterium-
mediated transformation.  Interestingly, Nicotiana benthamiana, a plant unable to 
perceive EF-Tu, acquires defence responses when EFR is transiently expressed (Zipfel 
et al. 2006). 
 
1.6 Agrobacterium’s host range 
The number of species susceptible to Agrobaterium-mediated transformation is 
varied and expanding (Fig. 1.4).  Even amongst the plant kingdom the range of species 
that could be transformed by A. tumefaciens (de Cleene and de Ley 1976) or A. 
rhizogenes (de Cleene and de Ley 1981) is varied.  These initial findings failed to 
transform any Bryophytae (mosses) and Pteridophytae (ferns) yet 56% of 
gymnosperms and 58% of angiosperms were susceptible to wild-type Agrobacterium.  
Similarities between the Agrobacterium T4SS and that of other intracellular pathogens 
such as Brucella sp. and Legionella pneumophila (Christie 2004) lead to speculation 
that Agrobacterium could potentially transform non-plant species (Lacroix et al. 
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Fig. 1.4 Species out side of the plant kingdom ameanable to Agrobacterium-mediated 
transformation 
Adapted from Lacroix et al. (2006) 
DNA transfer via conjugation from E. coli or A. tumefaciens to S. cerevisiae has been 
established (Heinemann and Sprague 1989; Nishikawa et al. 1992; Sawasaki et al. 
1996), but work by Bundock et al. (1995) demonstrated Agrobacterium-mediated 
transformation of S. cerevisiae via a T-DNA intermediate.  Since then Agrobacterium 
has been shown to transform filamentous fungi (de Groot et al. 1998) and mammalian 
cells (Kunik et al. 2001) under laboratory conditions using a variety of different 
selection markers.  The broad host range has lead to speculation that Agrobacterium 
may exploit universal mechanisms and pathways to achieve successful transformation.  
Indeed, may of the known host factors such as dynein, karyopherins, specific protein 
phosphatases, and the proteins involved in T-DNA integration have homologs in the 
plant, fungi, and mammalian kingdoms.   
 
Such reasoning has focused research attention into non-plant hosts.  Arguably 
the most promising is the Agrobacterium-S. cerevisiae model system.  S. cerevisiae is 
already a well established model organism due to advantages such as rapid growth, 
non-pathogenic, extensive mutant library, well defined biochemical systems and 
manipulation techniques amongst others.  In addition to this, transformation by 
Agrobacterium allows for quantification and therefore comparison of transformation 
efficiencies.  Exploitation of this powerful model system to examine Agrobacterium-
mediated transformation has already revealed many useful insights.  Much of our 
understanding about T-DNA integration, whether by homologous or non-homologous 
recombination, stems from analysis of mutant S. cerevisiae, defective in genes known 
to be involved in DNA repair (van Attikum et al. 2001; van Attikum and Hooykaas 
2003).  Roberts et al. (2003) demonstrated the hypersensitive nature of S. cerevisiae 
adenine auxotrophic mutants when transformed by Agrobacterium on media lacking 
adenine.  By using biochemical techniques this phenomenon was then demonstrated to 
be in effect in plant systems.  The necessity of the bacterial vir genes have also been 
assayed for their role in Agrobacterium-mediated transformation of S. cerevisiae and 
comparisons made with the plant model (Bundock et al. 1995; Piers et al. 1996).  
Interestingly, while VirE2 is deemed essential for transformation of some plant species 
(Gelvin 2000) its absence in the transformantion of S. cerevisiae resulted in a 90% loss 
of transformation efficiency thus indicating a facilitative role (Bundock et al. 1995).  
The Agrobacterium – S. cerevisiae model has provided researchers with new insight 
into the transformation process and will likely continue to do so in the future.   
However this method of S. cerevisiae transformation is not likely to replace 
established and highly efficient transformation protocols such as lithium acetate or 
electroporation although it is quickly becoming the method of choice when attempting 
to transform the yeast Kluyveromyces lactis (Bundock et al. 1999).  The 
Agrobacterium transformation method is also becoming preferable when transforming 
the filamentous fungus Aspergillus awamori because of the increased efficiency in 
targeted integration over conventional methods (Michielse et al. 2005). 
 
T-DNA can potentially transform fungal and yeast host via recircularisation 
thus becoming episomal (Bundock et al. 1995; Piers et al. 1996) or integrate into the 
genome by homologous (Bundock et al. 1995; Risseeuw et al. 1996) or non-
homologous recombination (Bundock and Hooykaas 1996).  This allows for either 
targeted or random integration into the host genome depending on the level of 
homology between the transfecting T-DNA and host DNA.  Unique features of T-
DNA integration by non-homologous recombination make Agrobacterium-mediated 
transformation an efficient tool for insertional mutagenesis of non-yeast fungi (Casas-
Flores et al. 2004).  Not only does the Agrobactrium-mediated method offer increased 
efficiency over conventional fungal transformation methods (Rogers et al. 2004) the 
T-DNA also displays a random integration pattern that usually integrates a single T-
DNA per transformant.  The application of Agrobacterium-mediated transformation is 
now being adopted for functional genomic studies in B. dermatitidis, H. capsulatum 
(Sullivan et al. 2002), Hebeloma cylindrosporum (Combier et al. 2003), Botrytis 
cinerea (Rolland et al. 2003) and Beauveria bassiana (Leclerque et al. 2004).  In 
addition to the fungal kingdom, Agrobacterium has been shown to transformation 
different types of mammalian cells (HeLa, HEK393, PC12 neurons) in a method 
reflective to that of plants.  Agrobacterium avirulent vir gene mutant strains (Stachel 
and Nester 1986) also fail to transform HeLa cells while Agrobaterium chvA and chvB 
where shown to be necessary to bind plant protoplasts and HeLa cells (Kunik et al. 
2001).  Interestingly however, Agrobacterium-mediated transformation of HeLa cells 
could occur at 37°C despite previous reports (Fullner and Nester 1996) indicating high 
temperatures reversibly inhibit VirA and/or other components of the T-DNA transfer 
machinery (Kunik et al. 2001).  Moreover Kunik et al. (2001) suggested the 
transformation of HeLa cells by uninduced Agrobacterium still occurred, although at a 
reduced efficiency, possibly due to some automatic induction components of HeLa 
cells or the media.  If such findings are accurate Agrobacterium could have the 
potential to transfect mammalian cells naturally outside of the laboratory environment 
as has previously been suggested (Sauter 1995; Chalandon et al. 2000). 
 
1.7 Aims of this study 
This study aims to identify and characterize host factors involved in Agrobacterium-
mediated transformation of eukaryotic cells using a duel yeast model system. 
Chapter 2 
Materials and Methods 
 
2.1 Strains, storage and culturing techniques 
Strains used in this study are described in Table 2.1; 2.2; 2.3.  Bacterial and 
yeast strains were prepared for long term storage by resuspending fresh colonies in the 
relavent media broth containing 50% glycerol prior to storage at -80°C.  Media for 
culturing purposes was prepared in accordance with Table 2.4.   
 
Escherichia coli strains were grown at 37°C in Luria-Bertani (LB) liquid or 
agar medium while Agrobacterium tumefaciens strains were grown in MG/L or 
induced in IB medium at 28°C.  Antibiotic supplementation for both is described in 
Table 2.5   
 
Schizosaccharomyces pombe strains were grown at 28°C or optimally at 35°C 
unless stated otherwise.  Selection media was based on auxotrophy using Edinburgh 
Minimal Media (EMM) supplemented with the necessary amino acids or yeast extract 
with supplements (YES) media containing geneticin (G418).  The rich media YES was 
used for none selective growth.  Saccharomyces cerevisiae strains were grown at 28°C 
or optimally at 32°C unless stated otherwise.  Auxotrophic markers were used for 
selection in conjunction with minimal SD dropout media supplemented with the 
relevant amino acids.  For none selective growth YPD media was adopted.   
 
 
2.2 DNA preparation 
2.2.1 Plasmid DNA preparation from E. coli 
Plasmid DNA preparations were performed in accordance with previously 
described protocols (Sambrook and Russell 2001; Sambrook et at. 1989).  Briefly, 2ml 
E. coli cultures were collected after 12-14 h incubation by centrifugation at 8,000g 
(Eppendorf 5417C) for 1 min.  The cell pellet was resuspended in 100μl of ice-cold 
solution I (50mM glucose, 25mM Tris-HCL, 10mM EDTA, pH 8.0) supplemented 
with 100mg/l RNase by vortex.  Then 200μl of freshly prepared solution II (0.2 N 
NaOH, 1% SDS) was added and mixed by gentle and repeated inversion.  After the 
suspension clears 150μl solution III (3M potassium, 5M acetate) is added to the 
bacterial lysate and mixed via inverting 4-6 times.  The bacterial lysate was extracted 
with equal volumes of chloroform by centrifuging at 15,000g (Eppendorf 5417C) for 5 
min after which the supernatant was transferred to a clean Eppendorf tube.  To DNA 
precipitate the plasmid DNA 2volumes of ethanol was added and the mixture 
centrifuged as above.  The DNA pellet was washed once with 70% ethanol and dried 
in a vacuum concentrator (Eppendorf 5301).  The extracted plasmid DNA was 
dissolved in 20l of sterile water and stored at -20°C for subsequent use.  
 
2.2.2 Plasmid DNA preparation from A. tumefaciens 
Plasmid DNA was isolated from A. tumefaciens using the QIAprep Spin 
Miniprep Kit (QIAGEN) based on protocol developed by Weber et al. (1998).  
Briefly, a 10-15ml culture grown for 12-14 h is harvested by centrifugation at 8,000g 
(Eppendorf 5810R) for 5 min.  The cell pellet was resuspended in 500l buffer P1 and 
transferre to a clean Eppendorf tube.  Then 500l of buffer P2 is added to the 
suspension and mixed gently by inverting 4-6 times before addition of 1ml 
neutralization buffer N3 and mixed as before.  The cell lysate was then centrifuged at 
15,000g for 1 min, the resulting supernatant transferred to and passed through a 
QIAprep column by centrifuging as before.  The flow through is discarded and the 
columb washed with 500l PE buffer and then 700l PE buffer.  The plasmid is eluted 
by 20-30l sterile water and stored at -20°C for subsequent use. 
 
2.2.3 Recovering plasmids from S. pombe 
The protocol of plasmid recovery from S. pombe is based on techniques 
pioneered by Hagan et al. (1988).  Briefly, 10ml of S. pombe cells were grown under 
selective conditions to an OD595 of 1.  The cells were harvested by centrifuging at 
700g for 5 min then resuspended in 1.5ml of 50mM citrate/phosphate, pH 5.6 (7.1g/l 
Na2HPO4, 11.5g/l citric acid) 1.2M sorbitol.  Adjust the suspension to pH 5.6 with 5M 
NaOH prior to the addition of 2mg/ml Zymolase-20T.  The suspension was incubated 
at 37°C for 1 h and cells collected by centrifugation at 2,000g for 30 seconds then 
resuspended in 300l TE and 35l 10% SDS.  After 5 min incubation at 65°C, 100l 
of 5M potassium acetate was added and incubated on ice for 30 min.  The suspension 
was centrifuged at 12,000g at 4°C for 10 min.  50l of the supernatant was added to 
100l NaI solution (Geneclean Kit, Stratech Scientific Ltd.) and 5l glassmilk and 
incubated at room temperature for 5 min.  Quick spin (5 sec) the mixture and wash the 
pellet 3 times with 400l ice-cold NEW wash (Geneclean Kit, Stratech Scientific 
Ltd.).  The DNA was eluted twice with 10l TE at 55°C for 3 min each time by quick 
spinning out the glassmilk and retaining the supernatant.  5l of the supernatant was 
used to transform competent E. coli DH5. 
 
 
2.2.4 Preparation of A. tumefaciens genomic DNA 
Total A. tumefaciens DNA was prepared according to Charles and Nester 
(1993).  A 100ml culture is grown for 12-14 h at 28°C and harvested at 1,200g 
(Eppendorf 5810R) for 5 min.  The cell pellet was washed once with 4ml TES (10mM 
Tris-HCL, 25mM EDTA, 150mM NaCl, pH 8.0) and resuspended in 4ml TE buffer 
(10mM Tris-HCl, 25mM EDTA, pH 8.0) by vortex.  The cells were then lysed by the 
addition of 500l of 5M NaCl, 500l of proteinase K (5mg/ml) and 500l of 10% 
SDS and incubation at 68°C for 30 min.  The lysate was extracted once with 1:1 
phenol-chloroform and then absolute chloroform alone.  The genomic DNA was 
precipitated from the supernatant by addition of ammonium acetate (7.5M) to a final 
concentration of 2M and then 2 volumes of ethanol.  The precipitate was collected by 
centrifugation and washed once in 70% ethanol and vacuum dried (Eppendorf 5301).  
The genomic DNA was dissolved in 500l sterile water and stored at 4°C. 
 
2.2.5 Preparation of S. pombe genomic DNA 
S. pombe chromosomal DNA was prepared in accordance with Durkackz et al. 
(1985).  Briefly, 100ml of S. pombe culture was grown at 28°C in YE broth to an 
OD595 of 2-3 (early stationary phase).  The cells were harvested by centrifuging at 
700g for 5 min and resuspended in 5 ml of 50mM citrate/phosphate, pH 5.6 (7.1g/l 
Na2HPO4, 11.5g/l citric acid), 1.2M sorbitol, 40mM EDTA, pH 8.0.  15mg of 
Zymolase-20T was added prior to incubation at 37°C for 30-60 min.  Cell wall 
digestion was monitored using a phase-contrast microscope by adding 1l 10% SDS to 
10l of the sample (the cells lose their characteristic refringence and become black).  
The cells were collected by centrifuging at 700g for 5 min and resuspended in 15ml 5x 
TE (50mM Tris-HCl, pH7.5, 5mM EDTA) and made 1% SDS by addition of 1.5ml 
10% SDS.  5ml cold 5M potassium acetate was introduced before 30 min incubation 
on ice.  The mixture was centrifuged at 1,900g for 15 min and the supernatant passed 
through a gauze then mixed with 20ml ice-cold 2-propanol and left at -20°C for 5 min.  
The chilled mixture was centrifuged at 8,000g for 10min, the pellet drained, dried, 
resuspended in 3ml 5x TE with 20g/ml RNase and incubated for 2 h at 37°C.  3ml 
phenol:chloroform (1:1, v/v) was then introduced, mixed well and spun down at 
8,000g for 10 min with the upper aqueous phase transferred to a fresh 15ml tube.  The 
extracted phase was mixed with 0.3ml of 3M sodium acetate and 7.5ml ethanol and 
incubated at -20°C for 4 h.  The precipitated DNA was then collected by centrifuging 
at 8,000g for 10 min, pellet washed in 5ml cold 70% ethanol and dried before final 
resuspension in 0.2ml sterile water and stored at 4°C. 
 
2.2.6 Preperation of S. cerevisiae genomic DNA 
The relevant S. cerevisiae strain was grown in 5ml of YPD broth for 14-18 h at 
30°C with gentle agitation.  The cells were harvested at 700g for 1 min (Eppendorf 
5810R), washed with 1ml sterile water and centrifuged as before.  The cell pellet was 
resuspended in 500μl lysis buffer (100mM Tris (pH 8.0), 50mM EDTA, 1% SDS) and 
acid washed glass beads (Sigma G-8772) added to a total volume of 1.25ml.  The 
suspension was vigorously vortexed for 2 min before centrifugation at 8,000g for 1 
min.  The liquid phase was recovered and mixed with 275μl 7M ammonium acetate 
(pH 7.0) and incubated first at 65°C for 5 min and then on ice for 5 min.  500μl 
chloroform was then introduced and mixed by vortex before and centrifuging at 
8,000g for 1 min. The supernatant was recovered and precipitated with 1ml 
isopropanol, incubated at room temperature for 5 min then centrifuged as before.  The 
supernatant was discarded and DNA pellet washed with 70% ethanol before being 
allowed to dry.  The DNA pellet was dissolved in 50μl sterile water. 
 
2.3 Analysis of potential integrant into the S. pombe genome 
This protocol has been adapted from Moreno et al. (1991) and was used to 
determine stable integration of a transformed element into the S. pombe genome.  An 
isolated transformed colony (along with the appropriate controls) was grown up in 
20ml of YES broth (i.e. nonselective conditions) for 20 generations at 28ºC with 
gentle agitation.  2μl of this culture was used to reinoculate 20ml of fresh YES 
medium and incubated as before for a further 20 generations.  The 20ml culture was 
then harvested at 700g and washed twice in 20ml sterile water.  The washed cells were 
streaked out onto selective media and allowed to grow at 28ºC.  Transformants 
exhibiting stable integration retained the ability to recover under selective conditions 
 
2.4 Total RNA Isolation (cDNA synthesis) 
Total RNA was extracted from tissues of Arabidopsis using RNeasy Mini Kit 
(QIAGEN) according to manufacturer’s instructions with slight modifications. Plant 
tissues were pulverized in liquid nitrogen and homogenized in 450 μl Buffer RLT by 
vigorous vortexing. The homogenate was spun twice at 14,000 g for 2 min to remove 
the insoluble cell-debris. The supernatent was mixed with 0.5 volume absolute ethanol 
and transferred into an RNeasy mini column and the column was washed once with 
700 μl Buffer RW1 and twice with 500 μl Buffer RPE.  Finally, the RNA was eluted 
with 30 μl RNase-free water.  To remove any contaminating DNA from the RNA 
preparations, all extracted RNA was subjected to DNase treatment using TURBO 
DNA-free™ (Ambion, Inc). 0.1 volume of 10x DNase I buffer and 1 μl rDNase I was 
added to the RNA and the mixture was incubated at 37°C for 30 min. The reaction was 
halted by incubating with 0.1 volume of DNase Inactivation Reagent for 2 min at room 
temperature. The RNA sample was retrieved by collecting the supernatant after 
centrifugation at 10, 000 x g for 1.5 min. 
 
2.5 Reverse transcription 
Quantitative analysis of RNA was carried out in a two-step process. cDNA 
synthesis was performed in the first step using poly(A)
+
-selected RNA primed with 
oligo(dT) and in the second step, PCR was performed separately using primers 
specific for the gene of interest. First step cDNA synthesis was carried out using 
ThermoScript™ RT-PCR System (Invitrogen Life Technologies, California USA) 
according to manufacturer’s instructions. 10 pg -5 μg RNA was mixed with 1 μl 
50μM oligo(dT)20 primer, 2 μl 10 mM dNTP and adjusted to a volume of 12 μl with 
DEPC-treated water. The RNA and primer mix was denatured by incubating at 65°C 
for 5 min in a thermal cycler and placed on ice for 5 min. Subsequently, 8 μl of master 
reaction mix containing 4 μl cDNA Synthesis Buffer, 1 μl 0.1M DTT, 1 μl 
RNaseOUT™, 1 μl DEPC-treated water and 1 μl ThermoScript ™ RT, was added into 
each reaction tube and incubated at 60 min at 50°C.  After terminating the reaction by 
incubating at 85°C for 5 min, 1 μl of RNase H was added and the cDNA synthesis 
reaction was stored in -20°C after incubation for 20 min at 37°C 
 
2.6 DNA digestion and ligation 
DNA digestion and ligation reactions were conducted according to company 
(Fermentas) instructions and recommendations. Restriction digests system consists of 
the appropriate buffer, sterile nuclease free water, DNA and restriction enzyme.  For 
single and blunt end digestion reactions the vector is dephosphorylated with one unit 
of shrimp alkaline phosphatase (SAP) to prevent self-ligation in any subsequent 
ligation reactions.  Reactions were incubated at 37°C unless otherwise stated (e.g. 
Sma1, 30°C) for 4-20 h as required.  DNA required for ligation reactions was purified 
by agarose gel electrophoresis and extracted using QIAGEN gel extraction kit.  
 
A DNA ligation system usually comprised of sterile nuclease free water, 
ligation buffer, T4 DNA ligase mixed together with the prepared vector and insert 
DNA.  Total DNA content for the reaction ranged from 150-300ng with vector to 
insert molar ratio of about 1:3 respectively.  Blunt end ligation reactions were 
conducted as above and at 5% PEG4000.  Reactions were allowed to proceed for at 
least 6 h at 16-22°C. 
 
2.7 Agarose gel electrophoresis 
DNA fragments were purified and/or separated by agarose gel elcetrophoresis 
in TAE buffer (0.04M Tris-acetate, 0.001M EDTA, pH 8.0) along with an appropriate 
standard DNA marker (Fermentas).  Concentration of agarose gel ranged from 1-2% 
as required to which ethidium bromide (EB) was added to a final concentration of 
0.5g/ml immediately prior to casting.  Separated DNA fragments were extracted 
from the agarose gel by using QIAquick Gel Extraction Kit (QIAGEN).  Briefly, The 
gel slice containing the desired band was weighed and 3 gel volumes (for 1% gel) 
(100mg gel = 100l) QC buffer added and incubated at 55°C for 5-10 min to 
completely dissolve the gel.  For DNA fragments larger than 4kb or smaller than 
500bp, 1 gel volume isopropanol was added prior to transferring the mixture to a 
QIAquick spin column.  The column was placed in a collection tube and centrifuged 
(Eppendorf 5417C) at 15,000g for 1 min to bind the DNA to the column.  After 
discarding the flow through the column was washed once with 750l PE buffer and 
centrifuged at 15,000g for 1 min.  A second centrifugation was conducted to eliminate 
any residual ethanol after the initial flow through was discarded.  To elute the DNA 
30-50l sterile water was added to the column, which was placed in a clean 1.5ml 
eppendorf tube and centrifuged at 15,000g for 1 min.  The purified sample was stored 
at -20°C for subsequent use. 
 
2.8 DNA Ampflication  
2.8.1 Polymerase Chain Reaction (PCR) 
DNA was amplified via PCR using a thermocycler (Applied Biosystems; 
GeneAmp PCR system 9700).  The reaction mixture consisted of the following 
components mixed together on ice in a thin-walled 200l PCR tube to a final volume 
of 50l. All PCRs were conducted using Fermentas Taq DNA polymeras unless stated. 
PCR mixture 
10x PCR buffer with (NH4)2SO4 (-MgCl2)  5l 
25mM MgCl2      3l 
Primer 1 (10pmol/l)     5l 
Primer 2 (10pmol/l)     5l 
dNTPs (10mM each)     1l 
Template DNA (20-100ng)    1l 
Taq DNA polymerase  (1u/l)   1l 
Sterile water to final volume of    50l 
 
PCR programme; 
Initial denaturation step 94°C for 1 min (plasmid 
template) or 4 min (genomic 
template) 
Denaturation step  94°C for 30 sec 
Primer annealing step 3-5°C lower than primer Tm for 
30 sec 
Extending step 72°C for 1 min / kb DNA 
Final extending step 72°C for 7 min (products under 
1kb) or 10 min (products over 
1kb) 
Number of cycles 25-35 cycles as required between 
denaturation step and extending 
step 
 
Primers used in this study were provided by PROLIGO (Table 2.10). 
 
2.8.2 Long PCR 
Long PCR was used when ampfilying products above 4kb using a 
theromcycler (Applied Biosystems; GeneAmp PCR system 9700) and Fermentas 
Long PCR enzyme mix.  The reaction mixture consisted of the following components 
mixed together on ice in a thin-walled 200l PCR tube to a final volume of 50l.   
PCR mixture 
10x Long PCR buffer with MgCl2   5l 
Primer 1 (10pmol/l)     5l 
Primer 2 (10pmol/l)     5l 
dNTPs (10mM each)     1l 
DMSO       2l 
Template DNA (20-100ng)    1l 
Long PCR enzyme mix (5u/l)   0.5l 
Sterile water to final volume of    50l 
 
PCR programme; 
Initial denaturation step 94°C for 1-2 min 
Denaturation step  94°C for 10 sec 
Primer annealing step 3-5°C lower than primer Tm for 
30 sec 
Extending step 68°C for 1 min / kb DNA (+ 10 
sec / cycle after the first 10 
cycles) 
Final extending step 68°C for 10 min 
Number of cycles Totally 25-35 cycles as required 
between denaturation step and 
extending step 
 
2.8.3 Whole cell PCR from yeast 
Whole cell PCRs were conducted according to the aforementioned Taq 
technique with the exception of template preparation.  A colony of about 2-5mm in 
diameter selected for anaylsis was plucked from the plate and resuspended in 50l 
sterile water in a thin-walled 200l PCR tube.  The sample was subjected to 99°C for 
5 min in the thermocycler (Applied Biosystems; GeneAmp PCR system 9700) and 
immediately cooled on ice for 10 min.  The cooled sample was used instead of sterile 
water to bring the PCR mix up to a total volume of 50l. 
 
2.9 DNA sequencing PCR and sample preparation 
DNA sequencing protocol was followed in accordance with instructions for 
Big Dye version 3.1.  Sequencing templates (plasmids or PCR products) were 
purified using GeneClean, Gel Extraction or PCR Purification Kit (QIAGEN). 
 
Sequencing PCR mixture 
Big Dye (v3.1)     2l 
Primer (10pmol/l)     0.5l 
DNA template (100-200ng/l)   2l 
Sterile water      5.5l (total 10l) 
 
PCR programme 
Denaturation step 96°C for 10 sec 
Primer annealing step 50°C for 5 sec 
Extending step 60°C for 1 min 
Number of cycles 25 
 
To precipitate the amplified product the spent PCR mix was transferred to a 
clean 1.5ml eppendorf tube and 1.5l 3M sodium acetate (pH 4.6), 31.25l 95% 
ethanol and 7.25l sterile water added.  The mixture was briefly spun down and 
incubated at room temperature of 30 min before centrifuging at 15,000g (Eppendorf 
5417C) for 30 min.  The supernatant was aspirated from the tube and 500l 70% 
ethanol added.  The sample was centrifuged at 15,000g for 10 min, supernatant 
aspirated and fresh 500l of 70% ethanol added before a second 15,000g 10 min spin.  
Finally the supernatant is extracted and sample dried for 10-15 min in a vacuum 
concentrator (Eppendorf 5301).  Samples were stored at -20°C until sequencing. 
 
2.10 Preparation of E. coli competent cells 
Highly competent E. coli DH5 cells were routinely used as the host for 
cloning experiments and prepared according to Inoue et al. (1990).  Several freshly 
grown E. coli DH5 colonies were picked from an LB plate and inoculated in 100ml 
SOB medium in a 1 liter conical flask and allowed to grow at room temperature with 
vigorous shaking (250rpm).  The cells were chilled on ice once OD600 0.5-0.7 was 
reached and then harvested at 4°C and 1,000g (Eppendorf 5810R) for 5 min.  The 
pellet was resuspended in 30ml ice-cold TB buffer (10mM PIPs, 55mM MnCl2, 15mM 
CaCl2, 250mM KCl, pH 6.7; all components except MnCl2 (which was filter sterilised 
prior to adding) were dissolved, autoclaved and stored at 4°C) and incubated on ice for 
10 min.  The cells were collected by centrifuging as above and resuspended in 5ml ice-
cold TB buffer before the addition of DMSO to a final concentration of 7%.  The cell 
suspension was aliquoted (100l) into pre-cooled sterile 1.5ml Eppendorf tubes, 
immediately frozen in liquid nitrogen and stored at -80°C.  
 
2.11 Transformation 
2.11.1 Transformation of E. coli by “heat shock” 
Plasmid and ligation reaction products were introduced into E. coli by heat 
shock following the standard protocol (Sambrook and Russell, 2001).  Frozen 
competent cells were thawed on ice before introduction of 10-100ng of plasmid DNA 
or up to 20l of a ligation reaction and gently mixed.  The cell suspension was 
incubated on ice for 30 min before a 90 sec heat shock in a 42°C water bath.  
Immediately after the heat shock the cells were cooled on ice for 2 min after which 
900l of fresh LB broth was introduced.  The culture was incubated at 37°C with 
agitation for 45 min to allow for recovery.  The E. coli was harvested at 8,000g for 1 
min and the cell pellet resuspended in 100l of residual media before spreading onto a 
LB plate containing the appropriate antibiotic(s).  Colonies usually appear after 14-16 
h incubation at 37°C. 
 
2.11.2 Transformation of E. coli by electrotransformation 
Preparation of electrocompetent E. coli cells followed the method described by 
Dower et al. (1988).  Briefly, E. coli cells were grown overnight at 37°C on a LB 
plate.  A suitable amount of cells were scrapped off and resuspended in 1ml cold 1mM 
HERPS (pH 7.0), centrifuged at 8,000g for 1 min, resuspended again in 1ml 1mM 
HERPS (pH 7.0) and centrifuged as above.  The resulting pellet was then resuspended 
in 50l cold 10% glycerol for immediate use or storage at -80°C.  The 
electrocompetent cells are mixed with 10-100ng of plasmid DNA or ligation reaction 
and transferred into a chilled 0.2cm electroporation cuvette (BioRad).  The cells were 
subjected to a single pulse from a BioRad Gene Pulser II in conjunction with the 
pulse controller, set at 25F capacitance, a voltage of 2.5kV and resistance of 200 
resistance, generating a pulse of 12.5kV/cm with a time constant of 4.5-5 sec.  
Immediately following the pulse 800l of LB was added to the cuvette and cells 
resuspended by pipetting, transferred to a 15ml culture tube and incubated at 37°C for 
45 min with agitation. The cells were then harvested at 8,000g for 1 min, resuspended 
in 100l residual media and spread onto LB plate containing the appropriate 
antibiotic(s).  Colonies usually appear after 14-16 h incubation at 37°C.   
 
2.11.3 Transformation of A. tumefaciens by electroporation 
Plasmids were introduced into A. tumefaciens by electroporation in accordance 
with Cangelosi et al. (1991).  Freshly grown A. tumefaciens cells were scraped from a 
MG/L plate and suspended and washed once in 1ml ice-cold water after centrifuging at 
8,000g for 1min.  The washed pellet was resuspended in 50l ice cold 15% glycerol.  
Plasmid DNA (50-100ng in 10l sterile water) was mixed with the cell suspension, 
allowed to incubated on ice for 2 min and transferred to a chilled 0.2cm 
electroporation curvette (BioRad).  The cells were subject to a single pulse from a 
BioRad Gene Pulser II in conjunction with the pulse controller set at 25F 
capacitance, 2.5kV and 400.  Immediately following the pulse 800l of MG/L was 
added to the cuvette, the cell suspension transferred to a 15ml culture tube and 
incubated at 28°C with agitation for 1 h.  The cells were collected by centrifuging at 
8,000g for 1 min, resuspended in 100l residual media and spread onto a MG/L plate 
supplemented with the appropriate antibiotics. 
 
2.11.4 Transformation of S. pombe by lithium acetate 
 Adapted from (Moreno et al. 1991).  S. pombe cells were grown in 10ml 
culture to 1x10
7
 cells/ml.  Cells were harvested by centrifugation at 1200g, washed in 
1ml sterile water before transfer to a fresh Eppendorf tube in 1ml LiAc-TE (0.1M 
lithium acetate, 10mM Tris pH 7.5, 1mM EDTA).  Cells were harvested as above and 
resuspended in 300μl LiAc-TE.  100μl cells mixed with 2μl carrier DNA (boiled 
sperm DNA 10mg/ml) and 10μl of DNA (purified PCR or miniprep product) before a 
10 min incubation period at room temperature.  260μl of 40% PEG / LiAC-TE was 
then indroduced and incubated for 30-60 min at 28°C.  43μl of DMSO was added to 
the mixture before a 5 min heat shock at 42°C.  The cells were harvested as above, 
washed in sterile water and plated out on selection media. 
 
2.11.5 Transformation of by Agrobacterium-mediated transformation 
 A. tumefaciens strain EHA105 harboring the appropriate binary vector was 
grown with gentle agitation in 2ml MG/L with the appropriate antibiotic  at 28°C for 
24 h before harvesting the cells and washing in IB+AS
100





 and incubated under the same conditions for 18 hrs.  2ml culture of 
the required yeast strain was grown concurrently with Agrobacterium induction.  After 
18 h yeast growth the cells were harvested at 1200g, washed 3 times in IB+ AS
100
 and 
resuspended in 1ml IB+AS
100
.   The induced Agrobacterium was harvested at 1200g 
for 5 min and resuspended to 500μl with IB+ AS100.  Based on the OD, around 2x108 
Agrobacterium cells were mixed with 8x10
5
 yeast cells in 150μl IB+AS100.  Each 
assay was performed using triplicate samples.  Actual cell number was confirmed by 
serial dilution.  The 150μl droplet was place onto CM media and allowed to dry in a 
laminar flow before 24 h incubation at 20°C.  After cocultivation culture was washed 
off the CM plate by 4 times wash with 250μl sterile water and place into a fresh 
Eppendorf tube.  Cells were harvested at 1200g for 1 min and resuspended in 1ml 
sterile water.  Appropriate dilutions were made to account for the total number of 
potential recipients (recovered cells plated on compliment media) and the number of 
transformed cells (selection media).  Transformation efficiency was determined by 
dividing the number of potential recipients with the number of transformants. (Fig. 
3.4). 
 2.12 Protein preparation and analysis 
2.12.1 Native protein extraction from S. pombe 
Cell extracts were prepared by standard methods (Moreno et al. 1991) with 
minor modifications.  A 50ml culture was grown to an OD595=0.25 in minimal 
medium.  Cells were harvested at 700g for 5 min and washed once in 5ml of ice-cold 
stop buffer (150mM NaCl, 50mM NaF, 10mM EDTA, 1mM NaN3 pH 8), transfered 
to 15ml falcon tube and spun down at 1900g for 5 min before draining the pellet.  The 
pellet was resuspended in 20μl HB buffer (25mM MOPS pH 7.2, 15mM MgCl2, 
15mM EGTA, 1mM DTT, 1% Triton-X100, 60mM -glycerophosphate, 15mM p-
nitrophenylphosphate, 0.1mM sodium vanadate, 1mM PMSF, 20μg/ml leupeptin, 
40μg/ml aprotinin).  1.5ml acid washed glass beads (0.5mm diameter, Sigma, G-9268) 
and vortexed vigorously for 1 min.  The beads were washed with 1ml HB buffer and 
centrifuged at 4°C at 1200g.  Supernatant kept at -30°C. 
 
2.12.2 SDS-PAGE gel electrophoresis 
Protein profiles were resolved using SDS-PAGE (Laemmli, 1970) based on 
molecular weight. The electrophoresis apparatus used was the Mini-Protean III 
Electrophoresis Cell (BioRad) and assembled according to the instructions provided 
by the manufacturer. The monomer stock solution of acrylamide/bis-acrylamide 
(30.8%T/2.7%C) was prepared as described in Molecular Cloning (Sambrook et al., 
1989) and stored in the dark at 4°C. APS (10%) solution was freshly prepared before 
each use. Separating gel buffer (4 , 1.5M Tris-HCl, pH 8.8) and stacking gel buffer (4 
, 0.5M Tris-HCl, pH 6.8) were stored at room temperature. Tank buffer was prepared 
as a 10  stock solution (0.25M Tris-HCl, 1.92M glycine, 1% SDS, pH 8.3) and stored 
at room temperature. Gel loading buffer (2 , 100mM Tris-HCl, pH6.8, 4% SDS, 
0.2% bromophenol blue and 20% glycerol, 0.2M DTT) was prepared without DTT and 
stored at room temperature. DTT was added from a 2M stock solution and stored at -
20°C before use. The preparation of polyacrylamide gels and the separation of protein 
were following the instructions of Molecular Cloning of Sambrook et al. (1989). In 
this study, 10% SDS-PAGE gel was used to resolve proteins for western blot analysis 
(Table 2.11). 
   
2.12.3 Western blot analysis 
The sample was mixed with equal volume of 2  loading dye buffer (Laemmli, 
1970), and boiled in a water bath for 5-10 min. After cooling down, the sample was 
loaded into a SDS polyacrylamide gel, and separated at a constant ampere of 10mA 
and 100V for one gel. The protein was transferred to Immun-Blot
TM
 PVDF 
membranes (Bio-Rad) from the gel in mini gel transfer system for 3-4 hrs at 200mA, 
and the non-specific binding sites were blocked by immersing the membrane in 10% 
non-fat milk (Nestle) in TBST for 2 h at room temperature on an orbital shaker. The 
membrane was washed in TBST buffer for 315 min, and incubated in the diluted 
primary antibody (mouse IgGk monoclonal anti-GFP, Roche) for 1 h at room 
temperature with constant agitation. The membrane was washed three times as above 
before incubation in the diluted secondary antibody (goat anti-mouse HRP) for 1 h at 
room temperature with constant agitation. After washing thoroughly as above, the 
membrane was targeted for signal detection according to the recommendations of the 
manufacturer (Amersham). 
 
2.13 Cell Imaging  
2.13.1 Confocal Microscopy 
Cells were viewed using a confocal microscope, Olympus Fluoview FV1000, 
laser equipped as follows; 20mW solid state 405nm, 25mW argon ion 458nm, 488nm, 
515nm, 1mW HeNe green 543nm.  Images were analyses using Olympus Fluoview 
ver1.6b. 
 
2.13.2 DSred-VirD2 nuclear import assay 
Expression of DSred-VirD2 from the nmt promoter was repressed by 5μg/ml 
thiamine.  Wild type and the cut15-85 mutant both harboring pTV-VirD2 were grown 
at the permissive temperature of 22°C in Edinburgh Minimal Media (-leucine) with 
thiamine.  The cells were harvested at exponential phase, thoroughly washed to 
remove thiamine and reseeded at OD595=0.1 in 50ml fresh EMM -leu at 22°C.  
Cultures were monitored to ensure comparable growth rates.  After 72 h, 4μl of the 
respective culture were viewed using confocal microscopy and the percentage of cells 
exhibiting DSred-VirD2 nuclear localization compared. 
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Source Characteristics Strain 
Table 2.1 Bacteria strains used in this study 
Umeda et al. (2005) h
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Umeda et al. (2005) h
-
 leu1-32 ura4-D18 ade6-M210 SS446 
Samejima et al. (1993) h
-
 leu1-32 cut15-122  
Samejima et al. (1993) h
-
 leu1-32 cut15-85  
Samejima et al. (1993) h
-
 leu1-32 HM123 
Laboratory collection h
-
 leu1-32 ura4-D18 MBY192 
  S. pombe 
Source Characteristics Strain 
Table 2.2 Schizosaccharomyces pombe strains used in this study 
 Yano et al. (1994) MATa ade2-1 ura3-1 his3-11 trp1-1 
leu2-3, 112 can1-100 srp1-54 
NOY672 
EUROSCARF MATa his31 leu20 met15; 
ura3; she4::kanMX4 
C56 
EUROSCARF MATa his31 leu20 met150 
ura30 arc18::kanMX4 
C60 
EUROSCARF MATa his31 leu20 met150 
ura30 abp1::kanMX4 
C116 
EUROSCARF MATa his31 leu20 met150 
ura30 myo3::kanMX4 
C117 
EUROSCARF MATa his31 leu20 met150 
ura3; myo5::kanMX4 
C118 
EUROSCARF MATa ade2-1 ura3-1 trp1-1 leu2-
3,112 his3-11 can1-100 
W303 
Pon lab MATa ade2-1 ura3-1 trp1-1 leu2-
3,112 his3-11 can1-100 myo3::HIS3 
myo5::TRP1 
BGY476 
D’Agostino et al. 
(2005) 
MATa his3200 leu2-3,112 lys2-
801(oc) ura3-52 PAN1::LEU2 
DDY2859 
D’Agostino et al. 
(2005) 
MATa his3200 leu2-3,112 lys2-
801(oc) ura3-52 pan-101::LEU2 
DDY2860 
Yano et al. (1994) (W303-1a) MATa ade2-1 ura3-1 his3-
11 trp1-1 leu2-3, 112 can1-100 
NOY388 
Yano et al. (1994) MAT ade2-1 ura3-1 his3-11 trp1-1 
leu2-3, 112 can1-100 srp1-49 
NOY613 
 
Yano et al. (1994) MAT ade2-1 ura3-1 his3-11 trp1-1 
leu2-3, 112 can1-100 srp1-31 
NOY612 
Clontech, Harper et 
al. (1993) 
MAT ura3-52 his3-200 ade2-101 







  S. cerevisiae 
Source Characteristics Strain 
Table 2.3 Saccharomyces cerevisiae strains used in this study 
Bardin-Larcon et al. 
(2004) 
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Huffaker et al. (1988) Mata his4-539 lys2-801 ura3-52 tub2-405 DBY2309 
EUROSCARF MATa his31 leu20 met150 ura30 
tub3::kanMX4 
C130 
Huffaker et al. (1988) Mata his4-539 lys2-801 ura3-52 tub2-402 DBY2304 
Huffaker et al. (1988) Mata his4-539 lys2-801 ura3-52 tub2-404 DBY2308 
Huffaker et al. (1988) Mata his4-539 lys2-801 ura3-52 tub2-403 DBY2305 
Huffaker et al. (1988) Mata his4-539 lys2-801 ura3-52 tub2-401 DBY2303 
Huffaker et al. (1988) Mata his4-539 lys2-801 ura3-52 DBY1034 
  S. cerevisiae 
Source Characteristics Strain 
Table 2.3 continued 
Gutz et al. (1974) Oxoid yeast extract 0.5% (w/v); 
glucose 3.0% (w/v) 
YE (yeast extract) 
  S. pombe 
  A. tumefaciens  
  E. coli 
Moreno et al. 
(1991) 
Yeast extract 5g; glucose 30g; lysine, 
histidine, leucine, adenine, uracil 
250mg; pH 5.6 
YES  (yeast 
extract with 
supplements) 
Cangelosi et al. 
(1991) 
K2HPO4 60g; NaH2PO4 23g; pH 7.0 20x AB buffer 
Cangelosi et al. 
(1991) 
NH4Cl 20g; MgSO4 7H2O 6g; KCL 
3g; CaCl2 0.2g; FeSO4 7H2O 50mg 
20x AB salts 
Piers et al. (1996)  CM (cocultivation 
media) 
Piers et al. (1996) 20x AB salts 50ml; 20x AB buffer 
1ml; glucose 18g; buffered to pH 5.5 
with 62.5mM potassium phosphate 
IB (induction 
broth) 
Cangelosi et al. 
(1991) 
LB 500ml; mannitol 10g; sodium 
glutamate 2.32g; KH2PO4 0.5g; NaCl 





Sambrook et al. 
(1989) 
Tryptone 20g; yeast extract 5g; NaCl 
0.5g; 10ml of 250mM KCl; pH 7.0; 
sterilize by autoclaving and add 5ml 
of filter sterilized 2M MgCl2 
SOB 
Sambrook et al. 
(1989) 
Tryptone 10g; yeast extract 5g; NaCl 
10g; pH 7.5 
LB (Luria broth) 
Reference Preparation Media / Solutions 
Table 2.4 Media used in this study 
Mitchison 
(1970); Moreno 
et al. (1991) 
Potassium hydrogen phthallate 3g; 
Na2HPO4 2.2g; NH4Cl 5g; D-glucose 
20g; salt stock (x50) 20ml; vitamin 
stock (x1000) 1ml; mineral stock 
(x10K) 0.1ml; amino acid 
supplements added as required 




 Yeast nitrogen base without amino 
acids 6.7g; appropriate 10x dropout 
supplement; pH 5.8 
SD (synthetic 
dropout) 
 Difco peptone 20g; yeast extract 10g; 
glucose 20g; pH 5.8 
YPD 
  S. cerevisiae 
Mitchison 
(1970); Moreno 
et al. (1991) 
H3BO3 5g; MnSO4 4g; ZnSO4 7H20 
4g; FeCl3 6H2O 2g; H2MOO4 H20 
0.4g; KI 1g; CuSO4 5H20 0.4g; citric 




et al. (1991) 
Na pantothenate 1g; nicotinic acid 
10g; inositol 10g; biotin 10mg; 





et al. (1991) 
MgCl2 6H20 52.5g; CaCl2 2H20 
0.74g; KCl 50g; Na2SO4 2g; 
autoclave 
Salt stock (50x) 
Reference Preparation Media / Solutions 
Table 2.4 continued 
  Dissolved in  Benomyl 
200M 200mM Dissolved in DMSO 
and filter sterilized 
Acetosyringone 
200g/ml 200mg/ml Dissolved in H2O 
and filter sterilized 
Cefotaxime 
20g/ml 20mg/ml Dissolved in DMF X--Gal 
200g/ml 200mg/ml Dissolved in H2O 
and filter sterilized 
Geneticin (G418) 
100g/ml 100mg/ml Dissolved in H2O 
and filter sterilized 
Carbenicillin 
100g/ml 100mg/ml Dissolved in H2O 
and filter sterilized 
Kanamycin 
100g/ml 100mg/ml Dissolved in H2O 
and filter sterilized 
Ampicilin 
Working concentration Stock Preparation Name 
Table 2.5 Antibiotics and other stock solutions 
This study S. pombe transformer. As with 
pART301 but orientation of insert 
genes are antiparallel to vector genes 
pAPT301 
This study S. pombe transformer. pART1-yEGFP 
linearised by Apa1 digestion and ligated 
into pCB301 Sma1 site. Orientation of 
insert genes parallel to vector genes 
pUPT301 
This study S. pombe transformer. As with 
pUPT301 but orientation of insert 
genes are antiparallel to vector genes 
pUPT301 
Sheff and Thorn 
(2004) 





This study S. pombe transformer. 4.5kb insert 
containing LEU2 and ars1from pART1 
blunt end ligated into pBIN19 Sma1 
site. Orientation of insert genes parallel 
to vector genes 
pLPT19 
This study S. pombe transformer. 4.5kb insert 
containing LEU2 and ars1from pART1 
blunt end ligated into pCB301 Sma1 
site. Orientation of insert genes parallel 
to vector genes 
pAPT301 
This study yEGFP ligated into pART1 and 
expressed by adh1 promoter 
pART1-
yEGFP 
Mcleod et al. 
(1987) 




promoter; ars1 for yeast replication 
pART1 





Bevan (1984) Binary vector; Km
r
; left and right border 
sequence 
pBIN19 
Source Characteristics Plasmid 
Table 2.6 Binary vectors  
This study DSred2
(stop)








Derived from the REP/RIP series; pUC based 
plasmid; LEU2 auxotrophic marker; Amp
r
; asr1 







; DSred2 DSred2 N1 
This study Control tracking vector. DSred2 instertion into 
pREP3X Xho1/Sal1 site 
pTV-DSred2 
This study Tracking vector. Full length virD2 ligated into 
pTV-DSred2
(-stop) 




This study Tracking vector. virD2C( 1-1176)  ligated into 
pTV-DSred2
(-stop)
Sma1 site. DSred-VirD2C 
fusion protein expressed 
pTV-
VirD2Nt 
This study Tracking vector. virD2Ct
( 1060-1275)




VirD2Ct fusion protein expressed 
pTV-
VirD2Ct 
This study Tracking vector. virD2NC(108-1176) ligated into 
pTV-DSred2
(-stop) 




This study Tracking vector. virE2
C58











This study Tracking vector. virE2
oct











This study Tracking vector. virE3
C58











This study Tracking vector. virE3
oct











This study Tracking vector. vip1 ligated into pTV-DSred2   
(-stop) 
Sma1 site. DSred2-VIP1 fusion protein 
expressed 
pTV-VIP1 
Source Characteristics Plasmid 
Table 2. 7 S. pombe vir fusion constructs 
This study Over expression vector. virE3
oct
 




This study Over expression vector. virE3
C58
 




Forsburg (1993) Derived from the REP/RIP series; 






for replication in yeast; nmt full 
strength promoter 
pREP4X 
This study Over expression vector. vip1 
inserted into pREP4X Sma1 site   
pREP4X-VIP 
Bahler et al. (1998) Bluescript KS- based plasmid; 





Bahler et al. (1998) pFA based plasmid; PCR 
template for C-terminal tagging of 






Source Characteristics Plasmid 
Table 2. 8 S. pombe over expression and deletion cassette constructs 













Bartel et al. (1993) Control plasmid for false positives; 
human lamin C(66-230) in pGBT9; 




Li and Fields 
(1993) 
Positive control plasmid; SV40 large 





Iwabuchi et al. 
(1993); Chien et al. 
(1991) 
Positive control plasmid; murine 





This study SRP1 cloned into BamH1 and Xho1 
sites of the prey vector pACT2 
pACT2-SRP1 
This study imp1 cloned into EcoR1 and Xho1 
sites of the prey vector pACT2 
pACT2-imp1 
This study cut15 cloned into BamH1 and Xho1 
sites of the prey vector pACT2 
pACT2-cut15 
Lab stock VirD2 cloned into the EcoR1 site of 
the bait vector pAS2-1 
pAS2-VirD2 
Source Characteristics Plasmid 
Table 2. 9 Yeast two-hybrid constructs 
 Primer Primer Sequence 5’-3’ R.E. Purpose  
1s ATCGGGCCCCATTCGCCATTCAGGC Apa1 Amplify LEU2, ars1 and Padh1 from pART1 
1a GCTGGGCCCATGATTACGAATTCGAGTC Apa1 Amplify LEU2, ars1 and Padh1 from pART1 
2s CGCGGATCCGGATCGGTGACGGTGCTGG BamH1 Amplify yEGFP from pKT209 
2a CGCGGATCCGTGGCGCGCCTTATTTGTAC BamH1 Amplify yEGFP from pKT209 
3s CCGCTCGAGATGGCCTCCTCCGAGGAC Xho1 Amplify DSred2 
3a ACGCGTCGACGCTACAGGAACAGGTGGTG Sal1 Amplify DSred2 
3a TGCTCTAGACAGGAACAGGTGGTGGCG Xba1 Amplify DSred2STOP CODON 
4s TCCCCCGGGGATGCCCGATCGCGCTCA Sma1 Amplify full length VirD2 
4a TCCCCCGGGCTATTCCGGTTGCTCGGTACCG Sma1 Amplify N-terminal VirD2 (C-terminal) 
4a TCCCCCGGGCTAGGTCCCCCCGCGCC Sma1 Amplify full length VirD2 
5s ACGCGTCGACGGATTGAAGGCTGCGCAAG Sal1 Amplify C-terminal VirD2 
5a CGCGGATCCCTAGGTCCCCCCGCGC BamH1 Amplify C-terminal VirD2 
6s TCCCCCGGGGATGGATCCGAAGGCCGA Sma1 Amplify VirE2
(C58)
 
6a TCCCCCGGGCTACAGACTGTTTACGGTTG Sma1 Amplify VirE2
(C58)
 
7s TCCCCCGGGAATGGTCGACACGACGAAG Sma1 Amplify VirE3
(C58)
 
7a TCCCCCGGGCTAAAGTGAAAGCCCTCCTG Sma1 Amplify VirE3 
(C58)
 
8s TCCCCCGGGGATGGATCTTTCTGGCAATG Sma1 Amplify VirE2
(oct)
 
8a TCCCCCGGGCGTCAAAAGCTGTTGACGC Sma1 Amplify VirE2
(oct)
 
9s GAACTAGATATCCATGGTGAGCACTACGAAG EcoRV Amplify VirE3
(oct) 
9a GAACTAGATATCTTAGAAACCTCTGGAGGTGG EcoRV Amplify VirE3
(oct) 
10s TCCCCCGGGTATGTCCGTTGATTCGGAAGA Sma1 Amplify VIP from Arabidopsis cDNA 





N/A Homologous recombination cassette to create cut15-





N/A Homologous recombination cassette to create cut15-





N/A Homologous recombination cassette to create imp1  







N/A Homologous recombination cassette to create imp1-





N/A Homologous recombination cassette to create imp1-
GFP strain and imp1  strain. 
13s CGCGGATCCACATGAGTGCATCTTCTCGC BamH1 Amplify cut15 from S. pombe genome 
13a CCGCTCGAGATCATGAAGCCACTTCGATG Xho1 Amplify cut15 from S. pombe genome 
14s CGGAATTCCGCCTATAGAAATGGAATCGAG EcoR1 Amplify imp1 from S. pombe genome  
14a CCGCTCGAGCGTTACATAGCCATATCTTG Xho1 Amplify imp1 from S. pombe genome 
15s CGGGATCCCGATGGATAATGGTACAGATTC BamH1 Amplify SRP1 from S. cerevisiae genome 
15a CCGCTCGAGCATGAAAATACTATTGTGCG Xho1 Amplify SRP1 from S. cerevisiae genome 
16ss GAAGCCTGCGAAGAGTTGC N/A Test pAPT301  transformants for single cut analysis 
16sd GAGTGGTTAAGGAGTTAGAC N/A Test pAPT301  transformants for double cut analysis 
16a CAACAGTTGCGCAGCCTG 
 







Table 2. 10 Primers used in this study 
 50mM Tris-HCL (pH 6.6) 
100mM dithiothreitol 
2% SDS 
0.1% bromophenol blue 
20% glycerol 
1x SDS gel-loading buffer 
pH 6.8 0.5M Tris HCL 4x stacking gel buffer 
pH 8.8 1.5M Tris-HCL 4x separating gel buffer 




10x transfer buffer 
 0.25M Tris 
1.92M Glycine 
0.1% SDS 
10x tank buffer 
 0.1% Tween-20 (v/v) in 1xTBS 1x TBST 
pH 7.6 0.2M Tris base 
1.37M sodium chloride 
38ml 1M hydrochloric acid 
10  Tris-buffered saline 
(TBS) 
pH adjustment Components (1L) Name 
Table 2. 11 Proteomics solutions and buffers 
Chapter 3 
Schizosaccharomyces pombe; a novel host for Agrobacterium 
tumefaciens-mediated transformation 
3.1 Introduction 
The range of host species susceptible to Agrobacterium-mediated 
transformation in conjunction with evidence from predetermined host factors supports 
the hypothesis that Agrobacterium utilises fundamental eukaryotic processes to 
achieve transformation.  Host species such as S. cerevisiae have aided in uncovering 
proteins and mechanisms that are exploited in order to transform both S. cerevisiae 
and plant host (van Attikum and Hooykaas 2003; van Attikum et al. 2001; Roberts et 
al. 2003; Tzfira et al. 2004; Schrammeijer et al. 2001).  Highly defined biochemical 
and molecular mechanisms of S. cerevisiae coupled with the ease of genetic 
manipulation presents a powerful model system.  To date, breakthroughs have been 
attributed to assaying S. cerevisiae mutants for changes in Agrobacterium-mediated 
transformation efficiencies.  However, success of this method assumes the gene 
targeted for investigation is viable for deletion.   
 
Increasingly there is a growing need to examine genes inviable for deletion.  
This has been reflected in the lack of genetic data exploring suspected host factors 
such as dynein, microtubules (Salman et al. 2005; Tzfira 2006) and the importin 
machinery (Ballas and Citovsky1997) amongst others.  Methods such as RNA 
silencing have been applied in plant systems to repress host factors such as VIP1 in 
order to assay for changes in VirE2 nuclear import and resistance to Agrobacterium-
induced tumor formation (Tzfira et al. 2001).  The RNA silencing phenomenon has 
not been demonstrated in S. cerevisiae, consistent with the lack of proteins 
homologous to RNA silencing constituents.  In contrast the fission yeast, 
Schizosacchromyces pombe encodes one of each of the three major classes of proteins 
implicated in RNA silencing (Wood et al. 2002).  Moreover, an RNA silencing 
response has been artificially triggered in S. pombe and the natural function of this 
mechanism is implicated in heterochromatic gene silencing (Volpe et al. 2002; Raponi 
and Arndt 2003; Sigova et al. 2006; Buhler et al. 2006).  S. pombe reflects the same 
advantages that have made S. cerevisiae such a popular genetic model with the added 
potential of harbouring exploitable RNA silencing machinery.  Establishing S. pombe 
as a novel host for Agrobacterium-mediated transformation would provide a powerful 
model to study genes inviable for deletion.  Furthermore, comparing commonalities 
between S. pombe, S. cerevisiae and their mutants could reveal general similarities of 
eukaryotic cell biology. 
 
Although a yeast, S. pombe is both morphologically and genetically different 
from the budding yeast S. cerevisiae.   S. pombe is a single cell eukaryote that has been 
classified as an Archiascomycete, a branch belonging to the Ascomycota phylum 
(Sipiczki 2000).  The name pombe is derived from the Swahili word for beer, due to 
its initial isolation and characterization from East African beer by Linder (1893).  
Commonly termed “fission yeast,” can be misleading as it relates to the genus 
Schizosaccharomyces and is also inclusive of S. japonicus and S. octosporus (Sipiczki 
1995; Vaughan 1991).  Initial phylogenetic trees based on rRNA sequence studies 
indicated Schizosaccharomyces along with other Archiascomycetes like Taphrina and 
Protomyces separated from the lineage that lead to S. cerevisiae about 330 million 
years ago (Berbee and Taylor 1993), although protein analysis of HMG-CoA 
reductase suggests the divergence of fission yeasts took place 420 million years ago 
(Lum et al. 1996).  The completion of the S. pombe genomic sequencing project 
confirmed the two yeasts diverged around 330-420 million years ago (Wood et al. 
2002).  Moreover, comparison of both S. pombe and S. cerevisiae genomes reveal 
interesting differences.  The S. pombe genome is thought to comprise of 4,900 genes 
coded on 3 chromosomes while S. cerevisiae retains 6,000 genes on 16 chromosomes.  
Interestingly however, the S. pombe genome is almost 2Mb bigger (13.8Mb) when 
compared with that of its distant cousin, a fact attributed to a higher frequency of gene 
introns (Wood et al. 2002). 
 
A comparison of both yeast life and cell cycle reveals significant phenoytypic 
differences.  S. pombe is normally haploid, spending most of its time in G2 phase 
while S. cerevisiae is normally diploid and held in a long G1 phase by cell cycle 
control mechanism.  Interestingly however the proteins controlling cell cycle confer 
many similarities highlighting a basic mechanism for cell division.  This fact is 
highlighted by the Nobel Prize winning work done in the 1970’s by Nurse, Hunt and 
Hartwell on cell cycle control in S. pombe and S. cerevisiae with an aim to 
understanding cancer.   
 
Such conserved fundamental eukaryotic processes highlight the appeal of 
exploiting the yeast model system.  Examples can be found in Agrobacterium research 
where the S. cerevisiae model has been utilised to identify host factors implicated in 
Agrobacterium-mediated transformation before reflecting the findings in the natural 
plant host (van Attikum and Hooykaas 2003; van Attikum et al. 2001; Roberts et al. 
2003; Schrammeijer et al. 2001).  The option of studying viable genes by direct 
deletion or essential genes via RNA silencing in S. pombe is very appealing.  However 
S. pombe must first be established as susceptible to Agrobacterium-mediated 
transformation. 
 
3.2 Constructing S. pombe binary vectors 
By introducing a selection marker between the left and right border of a binary 
vector it is possible to detect vir gene dependent transformation of the host.  
Phosphinothricin, hygromycin or neomycin resistance genes have been used to select 
for plant, fungal and mammalian transformants respectively.  Auxotrophic selection is 
used in Agrobacterium-mediated transformation of S. cerevisiae.  Indeed many of the 
S. cerevisiae amino-acid biosynthesis genes such as URA3, LEU2 and CAN1 are used 
to compliment mutations to S. pombe, ura4, leu1 and can1 genes respectively.  The 
format of the T-DNA can influence the type of S. cerevisiae transformant generated.  
The addition of the S. cerevisiae ARS1 (autonomous replication sequence) flanked by 
S. cerevisiae telomeric sequences results in stable transformants harbouring a mini 
chromosome (Piers et al. 1996).  A T-DNA construct that lacks flanking telomeric 
sequences but encodes an ARS1 or 2μ replication sequence results in circularization of 
double stranded T-DNA to essentially form a self replicating plasmid that can exist 
within the S. cerevisiae transformant (Bundock et al. 1995; Piers et al. 1996).  T-DNA 
without the ability to self-replicate can still generate transformants by illegitimate or 
homologous recombination into the S. cerevisiae host chromosome depending on 
regions of homology between the T-DNA and genomic DNA (Bundock and Hooykaas 
1996; Bundock et al. 1995). 
 
To determine if Agrobacterium-mediated transformation of S. pombe is feasible three 
binary vectors were constructed with the potential to specifically transform S. pombe. 
 pUPT301 was created by fusing the common S. pombe vector pART1 
(McLeod et al. 1987), expressing yEGFP, with the Agrobacterium binary vector 
pCB301 (Xiang et al. 1999).  This 8kb insert between the left and right borders is 
predicted to form the T-DNA and encodes the auxotrophic selection marker LEU2 and 
reporter gene yEGFP in addition to the ampicillin resistance gene and S. pombe asr1.   
pAPT301 and pLPT19 were created by amplifying the S. cerevisiae LEU2 gene and S. 
pombe ars1 from pART1 and inserting the 4.5kb fragment into pCB301 and pBIN19.  
Essentially pCB301 and pBIN19 only differ only in their binary vector backbone, 
which are incidentally related (Xiang et al. 1999). 
 
In all three cases blunt end ligation was adopted to introduce the insert into the 
MCS located in between the left and right border.  For pUPT301 and pAPT301 clones 
were obtained with two different insert orientations.   The  or  orientation refers to 
genes in the insert running in parallel () or antiparallel () to those of the binary 
vector backbone. 
   
BamH1 
Blunt end ligation 
8kb pART1-yEGFP digested with Zra1 
Fig. 3.1 Construction of pUPT301 
 
pART1-yEGFP is digested with Zra1 and liagted into Sma1 
restriction site of pCB301.  Blunt end ligation produces two different 
insert orientations between the left and right border (/).  Blue arrow 
represents T-DNA 
Sma1 Sma1 
Blunt end ligation 
4.5 kb PCR product 
Fig. 3.2 Construction of pAPT301 
 
A 4.5kb section of pART1 containing LEU2 and ars1 was amplified 
by PCR, digested with Sma1 and liagted into the Sma1 restriction site 
of pCB301.  Blunt end ligation produces two different insert 
orientations between the left and right border (/). Blue arrow 
represents T-DNA 
Sma1 Sma1 
4.5 kb PCR product 
Blunt end 
ligation 
Fig. 3.3 Construction of pLPT19 
 
A 4.5kb section of pART1 containing LEU2 and ars1 was 
amplified by PCR, digested with Sma1 and liagted into the Sma1 
restriction site of pBIN19.  Blunt end ligation produces two 
different insert orientations between the left and right border (/).  
Blue arrow represents T-DNA 
3.3 Developing a method for Agrobacterium-mediated transformation of S. pombe 
To test if S. pombe is susceptible to Agrobacterium-mediated transformation a 
protocol was adapted from the initial studies on S. cerevisiae transformation via 
Agrobacterium (Bundock et al. 1995; Piers et al. 1996).  Briefly, Agrobacterium 
harbouring the respective S. pombe binary vector is grown prior to induction by 
acetosyringone.  S. pombe is grown concurrently during Agrobacterium induction.  
Optical density of the S. pombe and the induced Agrobacterium is measured with 
serial dilutions and subsequent plating to ensure the readings are reflective of viable 
cells and accurately determines the Agrobacterium : S. pombe ratio.  Based on the 
optical density measurements 5-8x10
5
 S. pombe cells are mixed with 1-2x10
8
 
Agrobacterium cells in 150μl induction broth and placed onto solid co-cultivation 
media.  The droplet is allowed to dry before a 24 h incubation period at 20°C after 
which the droplet is washed off with 1ml water.  In order to determine the 
transformation efficiency the number of transformed S. pombe cells must be compared 
to the total number of viable S. pombe cells recovered post co-cultivation.  Therefore 
after appropriate dilutions, transformants and recovery numbers can be determined by 
plating on selective or none selective media respectively and the transformation 
efficiency calculated.  An uninduced Agrobacterium culture serves as a negative 










































































































































































































































































































3.4 S. pombe transformation by A. tumefaciens is dependent upon vir gene 
expression 
In this preliminary study the Agrobacterium strain EHA105 harbouring 
pUPT301 is used to transform S. pombe strain MBY192.  The pUPT301 
transformation plasmid has two main advantages over pAPT301 and pLPT19.  In 
addition to the LEU2 auxotrophic marker the would-be T-DNA also encodes a reporter 
gene in yEGFP under adh promotion.  Secondly the ampicillin resistance gene and f1 
ori derived from the linearized pART1-yEGFP insert allows for the extraction of 
potential recircularised T-DNA from S. pombe transformants and introduction into E. 
coli.  This is especially important as direct plasmid extraction from yeast is of low 
yield thus restricting analysis. 
 
Results from this preliminary study demonstrate Agrobacterium-mediated 
transformation of S. pombe is possible and dependent on vir gene induction by 
acetosyringone (Fig. 3.5).  Pre-cocultivation serial dilution reveals 7.0x10
5
 S. pombe 
cells were added to 2.24x10
8
 induced Agrobacterium harbouring pUPT301 at a ratio 
of 1:320 (S. pombe : A. tumefaciens).  After 24 h cocultivation at 20°C a 
transformation efficiency of 1.0x10
-4
 was achieved.  This result is comparable with the 
Agrobacterium-mediated transformation efficiency of S. cerevisiae using comparable 





Fig. 3.5 Transformation of S. pombe with and without Agrobacterium induction 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable Agrobacterium 
: host ratio between samples 
(b) Comparison of the number of transformants and total number of cells recovered.  
Recovery number consistency between samples ensures a fair assay 
(c) Agrobacterium mediated transformation frequency of S. pombe does not occur if 












































N/A 7.0 MBY192 
340:1 2380 EHA105 pUPT301 (-AS) 
349:1 2440 EHA105 pUPT301 (+AS) 
Ratio 
Agrobacterium : S. pombe 





Interestingly the S. pombe cell output number was at least double that of the input 
indicating growth during cocultivation independent of acetosyringone.  The difficulty 
in assessing the efficiency of the wash step prevents accurate calculation of S. pombe 
on the cocultivation media.  However the cocultivated S. pombe cells are at the very 
least capable of doubling in number after 24 hours at 20°C.  This is 5-fold lower than 
the apparent 10-fold increase in S. cerevisiae cell number under the same conditions.  
Indeed the lack of acetosyringone in Agrobacterium induction and cocultivation 
resulted in no S. pombe transformants demonstrating the necessity of vir gene 
induction and Agrobacterium mediation. 
 
3.5 Fate of the T-DNA post transformation 
To analyse the fate of the T-DNA 28 S. pombe transformants were chosen for 
further analysis.  The S. pombe transformants were subjected to plasmid extraction and 
subsequent “heat shock” into E. coli DH5.  A total of 25 out of the 28 S. pombe 
transformants gave rise to ampicillin resistant E. coli (E. coli transformants (ET) 1-25) 
confirming T-DNA transfer from Agrobacterium to S. pombe.  Interestingly 10 (35%) 
of the E. coli transformants (ET8-10, ET12-14, ET16, ET18, ET22 and ET23) also 
exhibited kanamycin resistance arising from the selection maker encoded on the 
pCB301 binary vector.  This is indicative of a single rather than double border cut 
resulting in complete plasmid transfer from Agrobacterium to S. pombe.  Such a 
phenomenon has been shown to occur in 60% of Agrobacterium generated S. 
cerevisiae transformants (Bundock et al. 1995).  The three S. pombe transformats that 
failed to give rise to ampicillin resistant E. coli were tested for stable transformation 
by growing in non selective media before restreaking back onto EMM-leu plates.  All 
three transformants displayed stable characteristics indicating the integration of the 
LEU2 selection marker (Fig. 3.6).  Such events occur in the S. cerevisiae model via 





 respectively (Bundock and Hooykaas 1996).   
 
Results from the aforementioned assay indicate S. pombe integration events 
occur at a frequency of about 1 x 10
-5
.  The ars1 sequence originates from 
chromosome III of S. pombe and micro ars1 homologies occur frequently in the 
genome.  Such homologies could set a premise for integration via homologous 
integration.  On average 0.1% of transformants recovered after ars1 plasmid 
transformation by lithium acetate are integrated into the chromosome.  The frequency 
of integration can increase to 1% if the plasmid is made linear by a single restriction 
enzyme cut (Beach and Nurse 1981; Moreno et al. 1991).  Transformation by via 
Agrobacterium further increases this frequency to 11% of transformants.  The 
presence of VirD2, which is known to facilitate integration events (Nikolov et al. 
1992), could account for the additional increase in integration frequency by the 
Agrobacterium transformation method.  
 
The fate of the episomal T-DNA was further analysed by restriction digest 
after plasmid extraction from the E. coli transformants.  The restriction patterns 
confirmed the antibiotic resistance results (Fig. 3.6).  All the transformants appear to 
be the result of T-DNA recircularisation, the difference being whether the T-DNA is 
created via a single or double border cut during processing.  54% of the S. pombe 
transformants harbour recircularised T-DNA consistent with T-DNA processing at the 
left and right borders.  The resulting plasmid formed by T-DNA recircularisation 
differs from pART1-yEGFP (a constituent of pUPT301) due to a unique second 
EcoR1 restriction site originating from the multiple cloning site (MCS) located 
between the left and right border of pCB301.  35% of the S. pombe transformants 
retain the whole pUPT301 plasmid a result attributed to single border cut prior to 
export from the Agrobacterium (Bundock et al. 1995).  The recovered plasmid has an 
identical EcoR1 restriction pattern with pUPT301 indicative of a single border cut 
followed by recircularisation once inside the S. pombe host. 
Fig. 3.6 T-DNA extraction and analysis 
 
(a) S. pombe transformants expressing yEGFP.  28 transformants chosen for analysis 
(b) T-DNA plasmids extracted from 25 out of 28 S. pombe transformants and 
transformed into DH5.  All DH5 transformants are ampicillin resistant while 10 
demonstrate kanamycin resitance.  
(c) Minipreparation of E. coli transformants (E.T.). Digestion with EcoR1 reflects the 
antibiotic resistance results.  Kanamycin resistant strains harbour the entire 
pUPT301 while ampicillin resistance is due to recircularisation of T-DNA between 
the left and right. 
(d) Integrated transfprmants (IT1-3) display T-DNA integration and retain the ability to 
grow on selective media after 20 generations growth in none selective media. (-ve 
control ET1, +ve control ET1 without pre none selective growth). 
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3.5.1 Plasmid T-DNA border analysis 
Agrobacterium express a multitude of vir genes upon induction by extracellular 
phenolic and sugar compounds.  The single strand T-DNA is processed from the 
binary vector by VirD1/2 cleavage at the left and right border (Lessl et al. 1994; 
Pansegrau et al .1996).  Analysis of the border sequence of the recircularised T-DNA 
isolated from the aforementioned transformation assay demonstrates DNA processing 
at the left and right border thus confirming transformation via Agrobacterium 
mediation (Fig. 3.7).  Although the single cut transformants displayed identical border 
sequences as the pUPT301 plasmid the double cut transformants reflected a sequence 
consistent with left and right border cleavage followed by recircularisation of the T-
DNA once established in the S. pombe.  Interestingly ET24 lacked 16bp and 3bp from 
the right and left border respectively.  This is likely a result of either 3’-
5’endonuclease activity especially at the unprotected 3’ end of the T-DNA during 
transport inside the host (the 5’ end being protected by VirD2) or deletions during end 
joining.  Such endonuclease deletions have been witnessed in planta and become more 
extensive if the T-DNA originates from a VirE2 defective Agrobacterium mutant 
(Bravo-Angel et al. 1998). 
 
Fig. 3.7 Border analysis of S. pombe transformants 
 
(a) Sequencing and alignment of the border regions from double cut transformants.  
Cleavage occurs at the expected region at the left and right border followed by 
T-DNA recircularisation.  ET24 lacks 16bp and 3bp segment from the right and 
left border respectively  
 
(b) All single cut E. coli transformants (ET8, 10, 12, 13, 14, 16, 17, 18, 20, 23) 
confer identical left and right border sequence with pCB301.  No nucleotide 
deletions at the left or right borders were evident 
(a) 
(b) 
 3.6 Comparison of S. pombe transformation vectors 
To further understand the process of Agrobacterium-mediated transformation 
of S. pombe a comparison of the three S. pombe transformation plasmids, pLPT19, 
pAPT301 and pUPT301 was made.  The binary vectors are essentially very similar 
and have either identical inserts between the left and right border of different binary 
vector backbones (pLPT19 and pAPT301) (Fig. 3.2; 3.3), or differ in the length of 
the insert between the left and right border of the same binary vector (pAPT301 and 
pUPT301) (Fig. 3.1; 3.2).  The insert between the left and right border in the three 
binary vectors are derived from pART1 and therefore rely on the same LEU2 
auxotrophic selection marker and S. pombe ars1 to generate and maintain 
transformants.   
 
The three S. pombe transformation vectors were introduced into Agrobacterium 
strain EHA105 and assayed in triplicate for their ability to transform S. pombe strain 
MBY192.  Interestingly the transformation efficiencies varied significantly despite 
comparable Agrobacterium cell input numbers and therefore S. pombe : A. tumefaciens 
cocultivation ratios.  In addition similar S. pombe cell recovery numbers indicates 




Fig. 3.8 Comparison of S. pombe binary vectors 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between samples 
(b) Comparison of the number of transformants and total number of cells recovered.  
Recovery number consistency between samples ensures a fair assay 












































N/A 5.0 MBY192 
389:1 2100 EHA105 pUPT301 
370:1 2000 EHA105 pLPT19 
348:1 1880 EHA105 pAPT301 
Ratio 
Agrobacterium : S. pombe 
Viable pre-cocultivation number x10
5
 Strain 
The only variable in the comparison between the S. pombe transformers was the 
difference in the number of transformants and therefore the transformation efficiency.    
pAPT301 was twice as effective at transforming S. pombe when compared with 
pLTP19 and nearly five times more efficient than pUPT301.  Interestingly the 
transformation efficiencies positively correlate with the potential size of the T-DNA.  
Aforementioned results in this study and by Bundock et al. (1995) has shown the T-
DNA need not be restricted to the region in between the left and right boarder but can 
consist of the whole transformation vector provided only one border is cut during T-
DNA processing.  Such a phenomenon also appears in the Agrobacterium - S. pombe 
model system.  Therefore, each S. pombe binary vector retains the potential to generate 
two different species of T-DNA.  For example a nick at both the left and the right 
border of pAPT301, pLPT19 and pUPT301 would produce a 4.5kb (for pAPT301 and 
pLPT19) and 8kb (for pUPT301) single stranded T-DNA.  However failure to cleave 
either the left or right border would result in the production of a single stranded T-
DNA molecule of 8kb, 16kb and 11.5kp for pAPT301, pLPT19 and pUPT301 
respectively.   
 
In either scenario the transforming element of pAPT301 is smaller than that of 
pLPT19 and around half the size of that produced from pUPT301.  This represents a 
significant difference in T-complex size, especially once coated with VirE2 and 
therefore presents a smaller, more manageable complex to be transported through the 
thick cytoplasmic matrix to the host nucleus. Although pCB301 is derived from 
pBIN19 it could be argued that the binary backbone may influence the transformation 
efficiency between pAPT301, pUPT301 and pLPT19. However, the same cannot 
be said for the transformation efficiency difference between pAPT301 and 
pUPT301 constructed from pCB301 and only differ in the size of the insert between 
the left and right border (Fig. 3.1; 3.2).  pAPT301 and pLPT19 were created by 
cloning the same 4.5kb insert into pCB301 and pBIN19 respectively and therefore 
only differ in binary vector backbone.  pCB301 is derived from pBIN19 by excising 
much of the non-coding regions of pBIN19 and therefore represents a significantly 
binary vector (Xiang et al. 1999).  Therefore the two fold difference in transformation 
efficiency between pAPT301 and pLPT19 reflects pCB301 and pLPT19 
transformation capability.  
 
3.6.1 Effect of T-DNA orientation between the left and right borders 
Construction of the S. pombe transformation vectors involved blunt end 
ligation of the insert between the left and right border of the binary vector.  
Subsequently colony screening identified two variants ( and ) of the pUPT301 and 
pAPT301 vectors.  The  variant refers to the insert genes running parallel (in the 
same direction) as those on the binary vector.  Conversely genes between the left and 
right border that orient anti-parallel (or in the opposite direction) to those in the binary 
vector are termed the  variant. As with previous findings pAPT301/ retains 
significantly higher transformation efficiency than its pUPT301/ counterpart despite 
identical binary vector backbones (pCB301).    Surprisingly both pUPT301 and 
pAPT301 consistently transformed MBY192 with greater efficiency than their  
counterparts (Fig. 3.9).  Moreover a similar 2-fold difference in transformation 
efficiency was reflected in both cases. 
N/A 4.0 MBY192 
575:1 2300 EHA105 pUPT301 
505:1 2020 EHA105 pUPT301 
580:1 2320 EHA105 pAPT301 
545:1 2180 EHA105 pAPT301 
Ratio 
Agrobacterium : S. pombe 
Viable pre-cocultivation number x10
5
 Strain (a) 
(b) 
(c) 
Fig. 3.9 Comparison of S. pombe  and   binary vectors 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between samples 
(b) Comparison of the number of transformants and total number of cells recovered.  
Recovery number consistency between samples ensures a fair assay 











































3.7 Optimising transformation of S. pombe by Agrobacterium mediation 
Previous protocols for the Agrobacterium-mediated transformation of S. 
cerevisiae, K. lactis and G. lozoyensis state cocultivation times of up to 72 hours 
(Bundock et al. 1995; Bundock et al. 1999; Zhang et al. 2003).  While long 
cocultivation times may increase the opportunity for transformation to occur a balance 
must be found that maintains host cell viability, especially when assaying attenuated 
mutants sensitive to either temperature and/or nutritional constraints.   
 
In order to find a balance between transformant generation and cell health a 
time course assay was conducted (Fig. 3.10).  Cocultivation was either aborted 
immediately after introduction to the cocultivation plate or allow to proceed for; 3, 6, 
12, 24 or 42 hours.  As the cocultivation time is not constant the number of recovered 
cells will vary accordingly.  A 24 hour cocultivation time allows for optimal recovery 
after which viability decreases.  While transformation efficiency is greater after a 42 
hour cocultivation period the number of viable cells recovered decrease indicating a 
decrease in overall culture health.  The increase in transformation efficiency is partly 
due to an increase in actual transformants generated and exacerbated by the loss in cell 
health and recession of viable cells recovered.  Therefore the actual transformation 
efficiency at 42 hours is likely to be lower than the data suggests. Transformants can 
be generated after as little as 6 hours cocultivation, a reflection of the time needed to 
ensure successful export of the T-strand into the S. pombe host.  The rate of T-strand 
export is constant between 12 and 42 hours with around 28 S. pombe cells being 
transformed per hour. 
Fig. 3.10 Affect of cocultivation duration on S. pombe transformation 
 
(a) Quantifying viable pre-cocultivation numbers 
(b) Comparison of the number of transformants and total number of cells recovered.     














































198:1 8.1 MBY192 
N/A 1600 EHA105 pAPT301 
Ratio 
Agrobacterium : S. pombe 






Previous results have demonstrated two T-DNA variants are produced from the binary 
vector due to a single or double border cut.  Furthermore the higher transformation 
efficiency of pAPT301 compared with pUPT301 is inversely proportional to the 
perceived size of the T-DNA indicating increased T-complex size may restrict 
intracellular transport.  Therefore it is feasible to suggest larger T-strand complexes 
may be exported from the Agrobacterium to the host at a slower rate than their 
smaller, double cut counterparts.  To test this hypothesis the type of transforming T-
DNA was resolved by whole cell PCR to determine if the larger, single border cut T-
DNA variant is export from Agrobacterium at a slower rate than the smaller double cut 
T-DNA variant (Fig. 3.11).  
 
Where possible twenty colonies were subject to whole cell PCR at each time 
point using three primers to amplify either a 428bp (single cut) or 307bp (double cut) 
product (Fig. 3.13b).  Of the 62 whole cell PCRs performed 10 repeatedly fail to 
amplify a product and displayed T-DNA integration into the host genome as growth in 
non selective media failed to affect selection stability (Fig. 3.12).  A further 43 
transformants tested positive for a 307bp product, indicative of the recircularization of 
double cult T-DNA while 5 colonies tested positive for the single cut variant.  
Surprisingly 4 colonies (12 hours transformants 1, 11, 18; 42 hours transformant 8) 
amplified a specific and small product ranging in size from 150bp-200bp.  Sequence 
analysis of these 4 PCR products reveal they originate from recircularised double cut 
T-DNA with extensive right border deletions (Fig. 3.12).  This is likely a result of 3’-
5’ endonuclease activity or deletion during the recircularisation and ligation process.  
   
 6 h 
12 h  
24 h 
42 h 
1     2      3       4    5       6      7     8      9      10 11   12   13     14    15   16     17    18     19   20 
1   2 
Fig. 3.11 Analysis of T-DNA by whole cell PCR 
 
Format of T-DNA is dependant on single or double border cut from the 
pAPT301 binary vector. 3 primers used to amplify either a 428bp (single 
cut) or 307bp (double cut) product.  10 clones repeatedly fail to generate a 
product and found to be a result of an integration event (12 h 3, 7; 24 h 3, 
8, 10, 14, 15, 16; 42 h 13, 19).  4 clones have smaller than expected bands 





GTTTACACCACAA 151bp CCCATTCGCCA 







Fig. 3.12 Confirming time course S. pombe transformants 
 
(a) Sequencing of the small PCR products reveal significant deletions up to 
151bp from the expected right border cleavage site.  All 4 transformants 
have the expected post cleavage left border sequence.  
(b) 10 S. pombe transformants display T-DNA integration and retain the 
ability to grow on selective media after 20 generations growth in none 



























12 h, T1    
12 h, T11    
12 h, T18    
42 h, T8    
(b) 
(a) 
Selection media (EMM -leucine) 
Left border 
3.8 A novel fate of transformed T-DNA 
Processing of the T-DNA from the binary vector can result from a single or 
double border cut and can recircularize once transformed into the S. pombe host to 
recreate the binary vector or form a smaller recircularise T-DNA plasmid respectively.  
In addition the T-DNA has also been shown to integrate into the S. pombe genome.  
These results are reflected in the S. cerevisiae model system (Bundock et al. 1995).  
Interestingly during a large scale screening of S. pombe transformants by whole cell 
PCR a novel type transformant was discovered suggesting a forth fate for T-DNA.  
Subjecting S. pombe transformants to whole cell PCR using three primers can assertain 
if the transformant is a result of binary vector or T-DNA recircularization due to the 
ampfilcation of a 428bp or 307bp product (Fig. 3.13).  Results from the cocultivation 
time course study shows PCR band patterns of lower than expected size are the result 
of right border degredation (Fig. 3.12).  During a large scale screening two 
transformants amplified PCR products larger than 428bp.  DNA sequencing reveal 
these transformants to be the result of T-DNA recircularization that includes 
endogenous S. pombe DNA inserted immediately 3’ of the left border cleavage site 
and ended 3’ of the right border that had been deleted (Fig. 3.13a).  This additional 
DNA accounts for the larger than expected PCR product.  One of the recircularized T-
DNA plasmids contained 397bp from a retrotransposable element that has multiple 
homologs throughout the S. pombe genome although the isolated insert only shows 
100% identities with retrotransposable element tf2-type located on chromosome 1.  
The second contained 186bp of noncoding mitochondrial DNA.  This poses the 
intriguing possibility that T-DNA may be able to become double-stranded, 
recircularize and/or integrate into mitochondrial DNA and therefore not require 
localisation to the nucleus.  
397 bp S. pombe DNA from retrotransposable 
element tf2-type chromosome 1 






















Fig. 3.13 S. pombe transformants incoorporating endogenous DNA 
 
(a) Endogenous S. pombe DNA from reterotransposable element tf2-type chromosome 
1 and mitochindria DNA (underlined) incorporated into the recircularised T-DNA.  
Blast results reveal 100% identities with respective S. pombe DNA 
 
(b) Whole cell PCR of S .pombe transformants using 3 primers capable of detecting 
binary vector recircularization (428bp product from primers 1 and 2) or 
recircularized T-DNA (307bp product primers 2 and 3)  
Recircularized T-DNA containing 






















Schizosaccharomyces pombe represents the first species in its order found to be 
amenable to Agrobacterium-mediated transformation.  The Agrobacterium-S. pombe 
could prove a very powerful model to study the effects of essential host gene inviable 
for deletion by RNA interference.  Additionally, the Agrobacterium-S. pombe model 
system can be used to compare and contrast similarities between the S. cerevisiae 
model to better understand the fundamentals behind the Agrobacterium-mediated 
transformation process. 
 
Development of an accurate and reproducible protocol to transform S. pombe 
accounted for viable Agrobacterium and S. pombe cell input numbers to ensure a 
comparable cocultivation ratio.  In addition the number of S. pombe cells recovered 
was also monitored to verify cell viability remains comparable between samples and 
thus ensure a fair and accurate assay.  A time course study assayed the effects of 
cocultivation time on S. pombe transformation efficiency demonstrating transfer of T-
DNA into S. pombe occurred under 6 hours and that host cell viability began to 
decrease after 24 hours. 
 
Construction of three novel S. pombe specific binary vectors allowed for the 
comparison of the binary vector backbones pCB301 and pBIN19 as well as T-DNA 
size and orientation between the left and right border repeats.  Comparison of 
pAPT301 with pLPT19 demonstrated that pCB301 was more efficient than pBIN19 at 
transforming S. pombe.  Results from pAPT301 and pUPT301 demonstrate the 
efficiency of S. pombe transformation is inversely proportional to T-DNA size.  The 
different orientation of insert between the left and right border also affects the 
efficiency of Agrobacterium-mediated transformation as two examples (pAPT301/ 
and pUPT301/) demonstrated the  binary vector proved to be more efficient than 
its  counterpart. 
 
The unique construction of pUPT301 allowed for the extraction and analysis of 
T-DNA via transformation into E. coli.  E. coli antibiotic resistance and plasmid 
restriction digest analysis demonstrated transformation occurs via two different T-
DNAs, those generated from a double border and those from a single border cut.  The 
resulting recircularization by end joining forms plasmid T-DNA or the reformed 
binary vector.  Such end joining ligation events were confirmed by sequencing often 
revealing right border degradation.  Around 11% of the S. pombe transformants were 
the result of T-DNA integration into the genome producing stable transformants that 
did not loose their auxotrophic selection marker after 20 generations growth in non 
selective media.  Large-scale analysis of S. pombe by whole cell PCR revealed a novel 
fate of transformed T-DNA.  Two examples of recircularized T-DNA containing 
endogenous DNA were isolated.  Interestingly one of these transformants contained S. 
pombe mitochondrial DNA suggesting a possible alternative location for T-DNA to 
become double stranded, recircularize and/or integrate into mitochondrial DNA.   
 
 

























T-complex recognition in the eukaryotic host 
4.1 Introduction 
Protein constituents of the T-complex target the single strand T-DNA molecule 
to the nucleus.  As any generic DNA segment between the left and right boarder of the 
Ti plasmid can become T-DNA and transported to the host cell nucleus it is presumed 
that the T-DNA itself comprises no localisation sequence.  Incidentally current T-
complex models suggest the T-DNA is surrounded and protected by multiple VirE2 
proteins in a “telephone cord” type structure (Citovsky et al. 1997) thus preventing 
any possible DNA signal being presented to potential host factors.  In contrast the two 
Vir proteins (VirE2 and VirD2) that have been shown to interact directly with the T-
DNA contain two nuclear localisation sequences (NLS) each.  In addition VirE3 also 
contains a N-terminal NLS and associates with the T-complex via interaction with 
VirE2 (Lacroix et al. 2005).  These sequences are examples of classical NLSs 
originally discovered more that 20 years ago during characterisation of the simian 
virus 40 large-T antigen (Kalderon et al. 1984a; Kalderon et al. 1984b).  The NLS can 
be divided into two categories, a simple sequence of 3-5 basic amino acids residues, 
sometimes associated with a proline or glycine and a bipartite signal comprised of the 
simple sequence 10 residues downstream from a basic dipeptide (Dingwall and Laskey 
1991).  The three Vir proteins that are know to form or associate with the T-complex 
display five different NLS highlighting the need to successfully present a recognisable 
NLS for effective T-complex transport. 
 
Success of the NLS largely depends on host recognition and its accessibility.  
For example, VirD2 contains a N-terminal monopartite NLS (residues 32-35) 
(Herrera-Estrella et al. 1990) and a C-terminal bipartite NLS (417-420) (Howard et al. 
1992).  While a number of studies have demonstrated nuclear accumulation of N-
terminal fusion proteins to the nucleus (Herrera-Estrella et al. 1990; Tinland et al. 
1992) its proximity to the T-DNA binding site (tyrosine-29) may occlude its access 
and eventual recognition by the host (Vogel et al. 1992).  Therefore the onus of 
localising to the nucleus is thought to predominately rest with the more accessible C-
terminal.  Similarly the two bipartite NLSs in VirE2 (residues 205-221 and 273-287) 
are located within the single stranded DNA binding region and potentially obstructed 
when in association with single stranded DNA.  Indeed the positioning of the NLS 
within this region has made mutation studies difficult due to the disruption in DNA 
binding function (Dombek et al. 1997; Citovsky et al. 1992).   
 
The ability of VirD2 to localise to plant, S. cerevisiae and mammalian nuclei 
(Citovsky et al. 1994; Howard et al. 1992; Koukolikova and Hohn 1993; Koukolikova 
et al. 1993; Mysore et al. 1998; Tinland et al. 1992; Guralnick et al. 1996; Relic et al. 
1998) indicates its effectiveness at displaying a recognisable NLS to a multitude of 
different species.  In contrast VirE2 appears to be restricted to plant nuclear 
localisation (Rhee et al. 2000; Ziemienowicz et al. 1999) although manipulation of its 
NLS allows for recognition within mammalian cells even when in association with 
single stranded DNA (Guralnick et al. 1996; Salman et al. 2005).  It is possible VirE2 
localisation to plant nuclei is largely dependent on interaction with adaptor proteins 
like VirE3 and / or VIP1.  Both VIP1 and VirE3 are known to associate with VirE2 
and display a recognisable NLS capable of interacting with plant and animal importin-
 (Tzfira et al. 2002; Lacroix et al. 2005). This further emphasise the necessity of 
displaying a recognisable NLS to the host importin machinery. 
4.2 Assessing Vir protein localisation in S. pombe 
This study has established S. pombe as a novel host species amenable to 
Agrobacterium-mediated transformation.  To ascertain which Vir protein constituents 
of the T-complex are involved in T-DNA trafficking a number of DSred-Vir fusion 
constructs were created (Fig. 4.1; 4.2; 4.4).  Although VirD2, VirE2 and VirE3 all 
harbour one or more NLS the function and recognition of these sequences by the host 
varies.  As a new host it is important to determine Vir protein localization patterns 
inside S. pombe in an effort to decipher potential host factors involved in transporting 
the T-complex to the nucleus. 
 
4.2.1 Construction of vir gene tracking vectors 
A series of “tracking vectors” were constructed by creating DSred-N-terminal 
fusion proteins.  DSred lacking stop codon was inserted into the Xho1 and Sal1 site of 
pREP3X and expressed under the influence of the repressible nmt promoter.  
Subsequent vir genes were inserted 3’ of DSred and by blunt end ligation into the 
Sma1 site.  Sequencing verified inframe ligation.  A control vector was constructed by 
cloning DSred (containing stop codon) into the Xho1 and Sal1 site of pREP3X.  The 




Fig. 4.1 Construction of DSred fusion vectors (tracking vectors) 
 
DSred lacking stop codon was cloned into the Xho1, Sal1 restriction sites of 
pREP3X.  A control vector was constructed in a similar fashion by cloning the 
DSred containing stop codon into the same restriction sites.  vir genes were 
cloned inframe with DSred into the Sma1 restriction site. 
VirD2  DSred  
VirD2  DSred  












VirD2  DSred  








4.2.2 Localization of VirD2 in S. pombe 
DSred-VirD2 showed strong nuclear localization with no observable 
fluorescence emitted from the cytoplasm (Fig. 4.3b).  Constructing a truncated version 
of VirD2 that lacked the C-terminal bipartite NLS (Fig. 4.2b) also showed strong 
nuclear localization (Fig. 4.3d) indicating the function of the N-terminal monopartite 
NLS.  Similarly the strain harbouring the construct that contains only the C-terminal 
bipartite NLS (Fig. 4.2c) displays a strong nuclear localisation pattern (Fig. 4.3c).  As 
a control both the N- and C-terminal NLSs were deleted (Fig. 4.2d) and the subsequent 
DSred-VirD2NtCt was shown to dispersed in the cytoplasm (Fig. 4.3e), a pattern 
reflected in the control expressing unfused DSred (Fig. 4.3a). 
 
VirD2 has been shown to localise to plant, animal and budding yeast nuclei 
(Citovsky et al. 1994; Howard et al. 1992; Koukolikova and Hohn 1993; Koukolikova 
et al. 1993; Mysore et al. 1998; Tinland et al. 1992; Guralnick et al. 1996; Relic et al. 
1998) and can alone traffic single-stranded DNA to the nucleus. (Ziemienowicz et al. 
2001).  As demonstrated in this assay, VirD2 has NLS dependent nuclear localisation 
as both the C-terminal bipartite and N-terminal monopartite NLS are functional in S. 
pombe.  N-terminal NLS in plant and budding yeast cells has been demonstrated by 
some groups (Herrera-Estrella et al. 1990; Tinland et al. 1992) yet not reproduced by 
others conducting similar studies (Howard et al. 1992; Bravo-Angel et al. 1998).  
Observations from the S. pombe model supports a functional N-terminal NLS when 
natively expressed although its proximity to the tyrosine 29-5’ T-DNA bond (Vogel et 
al. 1992) may occlude the NLS when in association with the single strand T-DNA. 
 
Fig. 4.2 Construction of VirD2 tracking vectors   
 
(a)  pTV-VirD2 expressing DSred-VirD2 
(b)  pTV-VirD2Nt expressing DSred-VirD2 N-terminal  
(c)  pTV-VirD2Ct expressing DSred-VirD2 C-terminal 
(d)  pTV-VirD2NtCt expressing DSred-VirD2 with N- and C-
















Fig. 4.3 DSred-VirD2 fusion proteins localization in S. pombe 
 
(a) Unfused DSred 
(b) DSred-VirD2 localized to the nucleus 
(c) DSred-VirD2 C-terminal (NLS) localized to the nucleus 
(d) DSred-VirD2 N-terminal (NLS) localized to the nucleus 
(e) DSred-N- and C-termianal NLS deletion has cytoplasmic localization 
 
4.2.3 Localization of VirE2 and VirE3 in S. pombe 
In contrast to VirD2, both VirE2 and VirE3 fail to localize to the nucleus 
despite the presence of NLS (Fig. 4.5).  This is apparent for both the C58 and octopine 
variants.  This finding has also been reflected in the S. cerevisiae system as VirD2 is 
the only Vir protein that associates with the T-complex that localizes to the nucleus.  
VirE2 in S. pombe shows a unique and specific sub cellular localization pattern.  A 
strong fluorescent signal can be detected either at the polar region and/or proximal to 
the nucleus yet no examples of signal overlapping with the nucleus has been observed 
(Fig. 4.5a;b).  The pattern is reflected in both the C58 and octopine variant of VirE2. 
 
Dispersal and non-specific localisation of VirE3 in the cytoplasm suggests a 
functionally redundant bipartite NLS in S. pombe (Fig. 4.5c;d) as also observed in S. 
cerevisiae.  VirE3 has been shown to facilitate VirE2 nuclear localisation (Lacroix et 
al. 2005) and also acts as a transcriptional activator (Garcia-Rodrigues et al. 2006).  
Both of these proposed functions would be severely affected due to functional 
redundancy of the NLS and may explain why the Aspergillus awamori model is not 




 Fig. 4.4 Construction of VirE2 and VirE3 tracking vectors 
 
(a) pTV-VirE2(oct) expressing DSred-VirE2 fusion 
protein.  pTV-VirE2
(C58)
 was also constructed 
(b) pTV-VirE2(oct) expressing DSred-VirE2 fusion 
protein.  pTV-VirE3
(C58)
















DAPI DSred Merge 
Fig. 4.5 DSred-VirE2 and VirE3 fusion proteins localization in S. pombe 
 
Octopine (a) and C58 (b) VirE2 fused to DSred exhibits specific 
extranuclear localization.  Octopine (c) and C58 (d) VirE3 fused to DSred 





4.2.4 Coexpression of DSred-VirE2 with VirE3 or VIP 
Interestingly VirE3 appears to have a dominant effect on the localisation of 
VirE2.  In mammalian cells VirE2 can localize to the nucleus when assisted by VirE3 
(Lacroix et al. 2005) indicating VirE3 has a dominant effect on the localization pattern 
of VirE2.  Similarly coexpressing native VirE3 can disrupt the specific sub cellular 
localization pattern of VirE2 provided both VirE2 and VirE3 originate from the same 
Agrobacterium strain (Fig. 4.7).  Octopine VirE3 only disrupts the specific sub cellular 
localisation pattern of octopine VirE2 but not C58 VirE2.  This is also true of C58 
VirE3 that only affects the localization of C58 VirE2 but not octopine VirE2.  While 
Lacroix et al. (2005) demonstrated the NLS independent interaction between VirE2 
and VirE3, results from coexpression studies in S. pombe indicate this is the case 
provided they originate from compatible strains.  
 
As an additional control, the Arabidopsis thaliana protein VIP1 was assessed 
for S. pombe localization via a C-terminal DSred fusion and natively coexpressed with 
DSred-VirE2 (Fig. 4.6; 4.8).  VIP1 interacts with VirE2 to facilitate nuclear entry in 
plants (Tzfira et al. 2001).  Indeed it has been proposed that VirE3 evolved through 
convergent evolution to mimic VIP1 (Lacroix et al. 2005).  Observation of DSred-
VIP1 localization reflects a pattern seen with the natively expressed DSred control.  
Coexpression of native VIP1 with DSred-VirE2 disrupts VirE2 localization as seen 
with coexpression of VirE3 from the same Agrobacterium strain. 
Fig. 4.6 Construction of VIP1 tracking and VIP1 VirE3 over expression 
vectors 
 
(a) pTV-VIP1 expressing DSred-VIP1 fusion protein 
(b) Over expression of VIP1 by the full strength nmt promoter in the 
pREP4X vector 
(c) Over expression of VirE3(oct) by the full strength nmt promoter in the 
pREP4X vector.  A VirE3
(C58)
 over expression vector was constructed 



























DAPI DSred Merge 
Fig. 4.7 Disruption of DSred-VirE2 localization when coexpressed with VirE3 
 
(a and b)     DSred-VirE2
(oct)
 coexpressed with VirE3
(oct)
 (a) or VirE3
(C58)
 (b) 
(c and d)     DSred-VirE2
(C58)
 coexpressed with VirE3
(C58)
















DAPI DSred Merge 
Fig. 4.8 Disruption of DSred-VirE2 localization when coexpressed with VIP1 
 
(a) DSred-VIP1 fusion localizes to the cytoplasm 
(b) Localization of DSred-VirE2(oct) is displaced to the cytoplasm when 
coexpressed with VIP1 





All the constituent proteins of the T-complex harbour mono- and or bipartite 
NLSs highlighting the necessity to localize to the nucleus.  This is an important step in 
order for the T-DNA to become double stranded and either integrate into the host 
genome or recircularize.  The recognition of the NLS is dependent on the host.  While 
VirD2, VirE2 and VirE3 are all successfully localised to plant nucleus the NLS of 
VirE3 and VirE2 is functionally redundant in S. cerevisiae.  Localization patterns of 
DSred-Vir gene fusions in S. pombe reflect those found in S. cerevisiae with the 
exception of VirE2.  Both octopine and C58 VirE2 localize to an as yet undefined 
location.  This specific localization can be disrupted by coexpression with VirE3 of the 
same cognate thus indicating failure of VirE2 and VirE3 from opposing 
Agrobacterium strains to interact.  The A. thaliana protein VIP1 also disrupts DSred-
VirE2 localisation when coexpressed in S. pombe thus supporting the proposed 
reflective roles of VirE3 and VIP1. 
 
The strong localization of VirD2 to the S. pombe nucleus is dependent on 
either the C- or N-terminal NLS and represents the only Vir protein of the T-complex 
capable of localizing the T-DNA to S. pombe nucleus.  Transport of the T-complex is 
likely to be dependent on functional NLS(s) and represents classical NLS protein 
import.  Should trafficking and transport of the T-complex to the nuclear envelope be 
independent of functional NLS(s) one would expect DSred-VirD2NtCt to accumulate 
at the nuclear periphery via an alternate pathway yet blocked for nuclear entry due to 
the lack of a NLS.  This is not the case.  NLS protein trafficking to and translocation 
into the nucleus are interrelated. 
 
Chapter 5 
Function of importin-  in Agrobacterium-mediated transformation 
5.1 Introduction 
In eukaryotic cells the nuclear envelope acts as a barrier to separate the genetic 
material and transcription machinery of the nucleus from the translational and 
metabolic systems of the cytoplasm.  While this segregation facilitates regulation of 
cellular processes like gene expression, signalling and cell cycle progression it 
necessitates an effective molecular mechanism for the import and export of cargo to 
and from the nucleus (Lange et al. 2007).  Large proteinaceous structures termed 
nuclear pore complexes (NCP), are comprised of nucleoporins embedded in the 
nuclear envelope and provide a portal through which cargo may pass.    Although 
transport of ions and small proteins (<40kDa) through the NPC can occur by passive 
diffusion, macromolecules (e.g. the T-complex) require a specific, targeted and energy 
dependent process (Paine et al. 1975; Breeuwer and Goldfarb 1990).  This active 
process is facilitated by a family of soluble carrier proteins collectively termed, 
karyopherins (Radu et al. 1995a), which are involved in both nuclear import (Gorlich 
et al. 1994), export (Stade et al. 1997) or even both (Yoshida and Blobel 2001; 
Kaffman et al. 1998; Blondel et al. 1999; de Vit and Johnston; Mahanty et al. 1999).  
 
To date there are several known pathways for nucleocytoplasmic transport.   
The best characterised is the highly conserved classical nuclear import pathway.  In 
this system importin- discriminates between its cargo and other cellular proteins in 
the cytoplasm by targeting and binding to proteins harbouring a recognisable NLS.  
Although the order of binding is unclear the heterodimer is known to associate with 
importin- that mediates the interaction of the trimeric complex with the nuclear pore 
for nuclear translocation (Gorlich et al. 1995b).  Importin- is responsible for docking 
with the NPC by binding to a nucloeporin containing FG peptide repeats (Iovine et al. 
1995; Moroianu et al. 1995; Radu et al. 1995b).  Additional importin- binding to 
RanGTP during nuclear entry triggers a conformational change resulting in the release 
of the importin- - cargo heterodimer complex into the nucleus (Lee et al. 2005). 
 
The structure of importin- has been defined using x-ray crystallography and 
indicates probable NLS and importin- interaction sites (Conti and Kuriyan 2000; 
Fontes et al. 2000). Importin- essentially acts as a link between the cargo and 
importin-.  In the N-terminal domain lies a NLS-like region of positively charged 
amino acids that are required for importin- binding (IBB domain) (Gorlich et al. 
1995b) and cargo dissociation (Kobe 1999; Fanara et al. 2000).  The NLS binding site 
is formed by a large central curved domain comprised of 8-10 armadillo (ARM) motifs 
flanked by short carboxyl termini.  The ARM repeats likely represent a protein-protein 
interaction domain (Yano et al. 1994; Peifer et al. 1994) and form two pockets within 
a shallow groove on the concave face of the importin- (Kobe 1999; Conti et al. 
1998).  The major pocket binds monopartite NLSs and the larger stretch of basic 
residues in bipartite NLSs while the small bipartite stretch binds to the minor pocket.  
The NLS motif binds in an anti-parallel direction to the importin- ARM chain with 
the NLS lysine side chain positioned between the hydrophobic side-chain of the 
conserved tryptophans forming a salt bridge (Kobe 1999; Conti et al. 1998).  
 
The binding relationship between importin-, NLS cargo and importin- is by 
nature bipolar as tight highly selective binding is required in the cytoplasm while 
disassociation is necessary in the nucleus.  It is thought the binding of Ran-GTP to 
importin- after nuclear translocation is key to triggering release of the importin-/ 
complex (Gilchrist et al. 2002; Gilchrist and Rexach 2003; Rexach and Blobel 1995).  
Interestingly the IBB domain seems to coordinate disassembly as well as assembly of 
the ternary complex by controlling access to the importin- binding groove.  
Disassociation of importin- from the IBB domain allows the auto-inhibitory region 
within importin- to mimic and specifically compete with NLS cargo for its own 
major pocket thus facilitating the release of both mono- and bipartite NLS cargo (Kobe 
1999; Conti et al. 1998; Fontes et al. 2003; Gilchrist and Rexach 2003; Harreman et 
al. 2003).  Release of the NLS cargo is also facilitated by karyopherin-release factors 
(KaRFs) such as CAS and the yeast nucleoporin Nup2p (Gilchrist et al. 2002; 
Matsuura et al. 2003).  Nup2p is concentrated at the inner face of the yeast NPC were 
the N-terminal domain directly competes with NLS harbouring peptides for binding to 
importin- groove as it shuttles between the cytoplasm and the nucleus (Solsbacher et 
al. 2000; Dilworth et al. 2001).  CAS has been identified as an export receptor and 
binds to the 10
th
 ARM repeat of importin- assisting NLS cargo release (Kutay et al. 
1997; Hood and Silver 1998; Solsbacher et al. 1998). 
  
Although sequence identity between members of the importin- family varies 
from 45-85%, the overall structure is maintained (Izaurralde et al. 1998).  The 
evolution of the importin- family has seen considerable expansion.  Simple 
eukaryokes like S.pombe has two importin- proteins, Imp1 and Cut15 (Umeda et al. 
2005) and S. cerevisiae only one, SRP1 (Yano et al. 1992) all three yeast importins are 
of the 1 group (Fig. 5.1).   
Fig. 5.1 Conserved homology of importin-  
 
A. thaliana (AtKAP), S. cerevisiae (Srp1p) and S. pombe (Cut15p and 
Imp1p).   IBB domain shaded in purple and ARMs shaded blue.  Sequence 
alignment performed by ClustaIW   
In contrast the human genome encodes six genes that are subdivided into three 
phylogenetic groups, 1, 2 and 3 (Goldfarb et al. 2004) and A. thaliana seven 
importin- proteins (Bako et al. 2003).  Organising the importin- genes into 
subgroups has simplified the interpretation of importin- phylogeny.  This 
phylogenetic analysis demonstrates importin 1 genes are found in all eukaryotes 
including animals, plants and fungi.  Importin-2 and 3 genes only occur in 
metazoan animals suggesting they appeared during the evolution of multicellular 
animals (Goldfarb et al. 2004). 
 
Computer simulations indicate the rate of nuclear import of NLS-cargo is 
positively correlated with the rate of importin complex formation (Riddick and Macara 
2005).  Nuclear import and accumulation of NLS-cargo is therefore affected by both 
the affinity of the NLS-cargo for importin  and by the concentration of the importin 
 itself (Riddick and Macara 2005; Hodel et al. 2006), a phenomenon consistent with 
other substrate – importin receptor interactions (Timeny et al. 2006).  Interestingly 
Hodel et al. (2001; 2006) established a link between NLS-cargo and importin  
binding affinity and steady state nuclear import in vitro.  Functional NLS have a 
binding constant of 10nM for importin-, too weak an association and nuclear 
translocation becomes inefficient, conversely too tight an association and the cargo 
release inside the nucleus becomes inefficient despite KaRFs. 
 
5.2 S. pombe importin- and VirD2 colocalization 
Localization data from the DSred-Vir fusion protein interaction study showed 
VirD2 as the only Vir protein of the T-complex to localize to the nucleus in a manner 
dependent on either the C- or N-terminal NLS.  S. pombe importin- was fused with 
GFP to determine if the localization of Cut15p and Imp1p overlapped with VirD2 and 
therefore potentially interact.  GFP fusion cassettes were constructed from pFA6a-
GFP(S65T)-kanMX6 (Bahler et al. 1998) to create a C-terminal fusion with the 
natively expressed Imp1p and Cut15p (Fig. 5,2).  GFP fusion proteins were confirmed 
by sequencing and western blot analysis using anti-GFP (Fig. 5.3).  Both Cut15p and 
Imp1p localize to the nuclear envelope of the S. pombe nucleus a location consistent 
with expected function (Fig. 5.3). 
 
Coexpression confirmed both DSred-ViD2 and Cut15p-GFP or Imp1p-GFP 
colocalize to the nucleus.  Both Cut15p-GFP and Imp1p-GFP positioning in the 
colocalization study no longer appears to reside at the nuclear envelope (Fig. 5.4).  
This could be due to the presence of the DSred-VirD2 repositioning importin- during 
nuclear import.  Alternatively some background fluorescence from the partial 
excitation of DSred (512nm) could account for the apparent loss of specific nuclear 
envelope localization (Fig. 5.4). 
 
Regardless, both Imp1p and Cut15p share overlapping localisation with VirD2 
in vivo, indicating the potential for physical interaction. 
pFA6a-GFP(S65T)-kanMX6 
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cut15 or imp1 
Fig. 5.2 Creating C-terminal Cut15p and Imp1p fusions by homologous integration 
 
(a) Primers with 80bp homology to directly 5’ and 3’ of the stop codon used to PCR 
a fusion cassette from pFA6a-GFP(S65T)-kanMX6 
(b) Cassette lithium acetate transformed into S. pombe 
(c) In frame homologous recombination of the cassette directly 5’ of the stop codon 
(d) Cassette integrated into the chromosome in frame with importin- thus 
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75kD 
Fig. 5.3 S. pombe importin- localization 
 
(a) Confirming the expression of importin- GFP fusion proteins by western blot  
(b) GFP inframe integration and fusion to the 3’ end of cut15.  The native cut15 
promoter controls expression.  Cut15p-GFP accumulates at the nuclear 
periphery 
(c) GFP inframe integration and fusion to the 3’ end of imp1.  The native cut15 
and imp1 promoter controls expression.  Imp1p-GFP accumulates at the 
nuclear periphery 
(a) 










DAPI DSred Merge GFP 
Fig. 5.4 S. pombe importin- and VirD2 colocalisation 
 
(a) Cut15p-GFP and DSred-VirD2 colocalise to the nucleus (merge) 
(b) Imp1p-GFP and DSred-VirD2 colocalise to the nucleus (merge) 
 












5.3 Importin- and VirD2 interaction using the yeast two-hybrid system  
The yeast two-hybrid system was adopted to test for a physical interaction 
between the yeast importin-’s and VirD2.  SRP1, cut15 and imp1 were all ligated into 
the yeast two-hybrid prey vector pACT2 inframe with the GAL4 activation domain 
and selected for by the LEU2 auxotrophic marker (Fig. 5.5).  VirD2 was ligated into 
the bait vector pAS2 inframe with the GAL4 binding domain and selected for by the 
TRP1 auxotrophic marker (Fig. 5.5).  Both vectors were transformed into Y187 by 
lithium acetate and selected for of synthetic dropout media lacking leucine and 
tryptophan. 
 
Colonies were tested for expression of the MEL1 gene indicated by the 
formation of a blue precipitate using X -gal as the substrate (Aho et al. 1997).  The 
blue precipitate from Srp1p, Cut15p and Imp1p demonstrated a positive interaction 
although not at the same strength as the positive control (pTD1-1; pVA3-1) (Fig. 5.6).  
Comparison of the Imp1p-VirD2 and Cut15p-VirD2 interaction suggests Imp1p has a 
weaker affinity for VirD2 than Cut15p.  Lamin C expressed from pLAM5-1 rules out 
false positives.  In addition pAS2-VirD2 and the empty pACT2 vector did not did not 
result in the production of a blue precipitate when exposed to X -gal. 
 
 
Fig. 5.5 Yeast two-hybrid bait and prey vectors 
 
(a) SRP1 cloned into pACT2 in frame with the GAL4 activation domain under 
the influence of the ADH1 promoter 
(b) cut15 cloned into pACT2 in frame with the GAL4 activation domain under 
the influence of the ADH1 promoter 
(c)       imp1 cloned into pACT2 in frame with the GAL4 activation domain under 
the influence of the ADH1 promoter 
(d)  Full length VirD2 cloned into pAS2 in frame with the GAL4 binding 
domain under the influence of the ADH1 promoter 
 
  
Fig. 5.6 X- gal assay to test for importin-  - VirD2 interaction 
 
Growth after 4 days on SD- trp -leu media to maintain bait and prey vector.  
X- gal assay for interaction.  Positive colonies secrete a blue precipitate 



























































































5.4 Function of importin- in Agrobacterium-mediated transformation 
Much of our understanding of the structure and function of importin- has 
come from studies on the S. cerevisiae model system.   The ability to focus attention 
on the sole importin- gene in budding yeast (SRP1) has provided invaluable insights 
into its function without the complicating effects of multiple importin- isoforms as 
found in higher eukaryotes. Conversely, the two importin- genes in S. pombe (Cut15 
and Imp1) make it an appealing yet simple model in which to investigate the 
specialised role of multiple importin- isoforms in eukaryotic cells (Umeda et al. 
2005).  Exploiting both the budding and fission yeast models to compare and contrast 
the function of single and multiple importin-’s is likely to extend our understanding 
of how the importin- family interacts and functions in higher eukaryotes.  In 
addition, the ability of A. tumefaciens to transform both S. cerevisiae and S. pombe 
presents a useful model to examine how importin- functions to facilitate transfection 
by infectious material such as virons and T-DNA.     
 
The essential role provided by importin- often means studying the effects by 
excessive gene alteration or even deletion proves lethal.  Indeed, this is reflected in the 
invialbe deletions to Srp1 and Cut15 (Matsusaka et al. 1998).  To date, analysis of in 
vitro roles of Srp1p and Cut15p has originated from the study of alleles presenting 































































































































































































































































































































































































































 Two cut (cell untimely torn) mutants, cut15-85 and cut15-122, were initially 
isolated during investigation into fission yeast mutants that undergo uncoordinated 
mitosis whereby cytokinesis takes place without completion of nuclear division at 
restrictive temperatures (36°C) (Samejima et al. 1993).  Using a S. pombe genomic 
library Matsusaka et al. (1998) isolated the cut15
+
 gene from plasmid pCQ100 as a 
suppressor of the temperature sensitive nature of both cut15-85 and cut15-122.  
Analysis of the predicted amino acid sequence of the cut15 gene indicated a high 
homology to importin- and specifically SRP1 (Fig. 5.1).   The specific location of the 
point mutations was found on the ARM motif, which is implicated in interactions with 
NLS proteins but not with importin- (Fig. 5.7).  The cut15-85 mutant is affected by 
two mutations to residues 419 and 450, both mutated from glycine to serine while 
cut15-122 has a single mutation at residue 395 changing the cystine to arginine.  
Interestingly Matsusaka et al. (1998) found no difference between the wild type strain 
and the cut15-85 mutant with regard to import of GFP-NLS at both 26°C and 36°C.  
However, Cut15p was found to behave exactly like mammalian importin- when 
assayed in Madin-Darby bovine kidney (MDBK) cells treated with digitonin.  In this 
assay, nuclear accumulation of allophycocyanin occurred in the presents of Cut15p, 
importin  (p97), ATP, GTP, NTF2 (p10) and Ran GTPase.  The same assay was also 
used to study the effects on nuclear import with Cut15-122p with or without preheat 
treatment at 37°C.  No nuclear import was observed in the pre-heat treated same, a 
result consistent with Cut15-122p instability at high temperatures.  To account for the 
discrepancies between the in vivo and in vitro nuclear import assays Matsusaka et al. 
(1998) propose that unidentified protein(s) may substitute for Cut15p function in the 
nuclear import of NLS proteins in vivo. 
 This proposal was confirmed when a second importin- homolog (imp1) was 
identified during the S. pombe genome-sequencing project (Wood et al. 2002).  Like 
Cut15p, Imp1p belongs to the importin-1 subfamily and displays 62% identities and 
79% similarities to Cut15p (Fig. 5.1) (Umeda et al. 2005).  Only Cut15p and Imp1p 
contain the conserved IBB-containing domain in the S. pombe proteome thus 
suggesting no other importin- proteins exist in S. pombe (Umeda et al. 2005).  
Surprisingly and contrary to previous reports (Chen et al. 2004) imp1 is viable for 
deletion (Umeda et al. 2005). 
 
As with the temperature sensitive cut15 mutants, the imp1 strain displayed no 
deficiency in nuclear import of an SV40 NLS-GFP--Gal fusion protein after a 4 hour 
heat shock at 36°C yet acts as mammalian importin- by localizing rhodamine-NLS-
BSA to the nucleus of permeabilized HeLa cells (Umeda et al. 2005).  This result is 
consistent with previous findings by Matsusaka et al. (1998) using the cut15-85 and 
cut15-122 mutants thus indicating the partially overlapping functions of both S. pombe 
importin- proteins.  However one important error in both the aforementioned assays 
is that NLS-protein nuclear accumulation can occur prior to the temperature shift and 
therefore the import defect can only be detected by cytoplasmic accumulation of the 
newly synthesized protein (Yoshida and Sazer 2004).  By conducting a nuclear import 
assay with GFP-GST fused to both the SV40 NLS and the HIV Rev NES (nuclear 
export signal) expressed from pR1GLFE1 (Kudo et al. 1998) Umeda et al. (2005) 
highlighted that both Imp1p and Cut15p are necessary for efficient nuclear protein 
import.  In this assay the fusion protein is expected to shuttle between the nucleus and 
cytoplasm unless deficiencies in nuclear import are observed.  Under such 
circumstances, as with the cut15-85 and imp1 mutant, the reporter gene (GFP) 
displays an inability to accumulate in the nucleus when compared with to the wild type 
at 25°C. 
 
This result is reflected when monitoring nuclear accumulation of Pap1p, an S. 
pombe transcription factor and known Imp1p, Cut15p associate.  This protein also 
shuttles between the cytoplasm and the nucleus (Shiozaki and Russell 1995; Toone et 
al. 1998) yet during hydrogen peroxide induced stress Pap1p nuclear export is blocked 
and it becomes predominantly nuclear thus making it an ideal marker with which to 
monitor nucleocytoplasmic transport (Yoshida and Sazer 2004).  Neither the cut15-85 
nor imp1 mutant proved to be efficient at importing Pap1p-GFP to the nucleus at 
25°C when compared with the wild type (Umeda et al. 2005). 
 
Provided an appropriate assay is used the effect of NLS-protein nuclear import 
can be observed in S. pombe importin- mutants.  It is also apparent that Cut15p and 
Imp1p can partially compliment the temperature sensitive nature and some phenotypic 
effects of imp1 and cut15-85 mutants respectively therefore exhibiting overlapping 
functions (Umeda et al. 2005).  This is further supported by the synthetically lethal 
nature of an imp1 cut15 haploid mutant indicating at least one functioning importin- 
is requires for viability (Umeda et al. 2005). 
5.5 One S. pombe importin-  mutant reduces the efficiency of Agrobacterium-
mediated transformation 
Nuclear import assays using Pap1p-GFP and GFP-GST fused to SV40 NLS 
and HIV Rev NES has demonstrated nuclear import defects in the cut15-85 and imp1 
mutants at non restrictive temperatures (Umeda et al. 2005).  Assaying the dysfunction 
of importin- mutants in the transport of a large macromolecule such as the T-
complex could also prove to be an alternative method to assay for nuclear import 
defects.  It would also aid in unravelling the pathway by which the T-complex is 
transported to the nucleus. For this reason the cut15-85, cut15-122 and imp1 mutants 
were assayed for susceptibility to Agrobacterium-mediated transformation.   
 
To create the imp1 strain an ura4+ deletion cassette was amplified using 
primers with 80bp homology to the flanking regions immediately 5’ and 3’ of the start 
and stop codon respectively.  The deletion cassette was transformed into MBY192 via 
the lithium acetate method and transformants selected for by the auxotrophic ura4
+
 
marker.  imp1 strains were confirmed by sequencing the insertion site (Fig. 5.9). 
 
Interestingly a decrease in susceptibility to Agrobacterium-mediated 
transformation was observed in the cut15-85 but not the imp1 mutant (Fig. 5.10) 
while the severity of the cut15-122 mutation prevented the adequate control of input 
numbers and was therefore excluded from this study.  The cut15-85 and imp1 mutant 
retained the ability to recover and grow equal to that of the wild type both prior to and 
post co-cultivation while the cut15-122 mutant displayed significant growth inviability 
when compared to the wild type (HM123).  The necessity of monitoring viable cell 
numbers prior to co-cultivation with A. tumefaciens ensures the ratio between the 
Agrobacterium and S. pombe wild type or mutant remain consistent.  In addition by 
comparing the number of cells recovered post co-cultivation determines wild type and 
mutant cell viability was maintained during Agrobacterium transfection.  The cut15-85 
mutant reflected pre and post co-cultivation recovery numbers comparable with the 
wild type.  Therefore the decrease in transformation efficiency of the cut15-85 mutant 
can be directly attributed to the decrease in the number of actual transformants and not 
misrepresentation of the recovery numbers.  
 
Out of the two importin- proteins Cut15p appears to play a more significant, 
role in T-complex nuclear than Imp1p.  The fact imp1 is not essential and is viable for 
deletion, as oppose to cut15, further supports the higher importance of the latter in 
nuclear import and general cell viability although some overlapping functions are 
apparent (Umeda et al. 2005). 
 Fig. 5.8 The effect of S. pombe cut15-85 mutant on Agrobacterium-mediated 
transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild-type and mutant 
(b) Comparison of the number of transformants and total number of cells 
recovered.  Recovery number consistency between samples ensures a fair assay 















































181:1 8.5 cut15-85 
190:1 8.1 HM123 
N/A 1540 EHA105 pAPT301 
Ratio 
Agrobacterium : S. pombe 
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imp1 strain 
Fig. 5.9 Creating imp1 strain using a gene deletion cassette 
 
(a) Primers with 80bp homology to directly 5’ and 3’ of imp1 used to PCR a fusion 
cassette from KS-ura4 
(b) Cassette lithium acetate transformed into S. pombe 
(c) Homologous recombination of the cassette flanking imp1 
(d) Cassette integrated into the chromosome in place of imp1 to create imp1 strain 
 Primer 
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Fig. 5.10 The effect of S. pombe imp1 mutant on Agrobacterium-mediated 
transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild type and mutant 
(b) Comparison of the number of transformants and total number of cells 
recovered 
(c) No difference in the Agrobacterium-mediated transformation of the imp1 














































234:1 7.0 imp1 
265:1 6.2 MBY192 
N/A 1540 EHA105 pAPT301 
Ratio 
Agrobacterium : S. pombe 




 5.5.1 The S. pombe cut15-85 mutant displays inefficient DSred-VirD2 nuclear 
import 
The pTV-VirD2 construct (Fig. 4.2a) expresses a DSred-VirD2 fusion protein 
under the influence of the repressible nmt promoter on the pREP3X S. pombe 
expression vector.  This promoter can be repressed by the addition of thiamine 
(5μg/ml) (Forsburg 1993).  Wild type and the cut15-85 mutant both harboring pTV-
VirD2 were grown at the permissive temperature of 22°C in Edinburgh Minimal 
Media (-leucine) containing 5μg/ml thiamine to repress DSred-VirD2 expression.  The 
cells were harvested in exponential phase, thoroughly washed to remove thiamine and 
reseeded at OD595=0.1 in fresh Edinburgh Minimal Media (-leucine) thus promoting 
DSred-VirD2 expression.  The cell cultures were monitored to ensure equal growth 
rates. After 3 the cells were observed for DSred-VirD2 nuclear localization.  46% of 
the wild type and 19% of the cut15-85 cells displayed DSred-VirD2 nuclear 
localization (Fig. 5.11).  Furthermore signal intensity from the nuclei of the cut15-85 
mutants is weaker than that of the wild type indicating a lower level of DSred-VirD2 
accumulation.  Interestingly the 2.4-fold difference in DSred-VirD2 nuclear 
localization between wild type and cut15-85 is reflective of their 2.3-fold difference in 























HM123 pTV-VirD2 cut15-85 pTV-VirD2 
Fig. 5. 11 Nuclear localization of DSred-VirD2 in the cut15-85 mutant 
 
Wild type HM123 and cut15-85 mutant cells harbouring pTV-VirD2 are 
grown in EMM-leu media containing thiamine to repress the nmt promoter 
expression.  3 days after lifting nmt promoter repression 46% of wild type and 
19% of cut15-85 mutant cells harbour DSred-VirD2 (sample size, n=500). 
5.6 Mutations to S. cerevisiae importin-  reduces efficiency to Agrobacterium-
mediated transformation 
Unlike S. pombe, S. cerevisiae encodes a single importin- gene, SRP1 
(suppressor of RNA polymerase 1) (Yano et al. 1992).  This has made S. cerevisiae a 
simple model in which to study the overall mechanism and function of the classical 
NLS mediated nuclear import pathway.  This is in stark contrast to the complexity of 
Arabidopsis which encodes seven different proteins in the importin- family, four of 
which have shown binding capabilities to one or more constituents of the T-complex 
(Bako et al. 2003; Ballas and Citovsky 1997; Lacroix et al. 2005; Garcia-Rodriguez et 
al. 2006).  The function of Srp1p reflects the classical mechanism of the karyophilic 
protein by forming a heterodimer with Kap95p (importin-ß) before interaction with 
nucleoporins in the NCP to facilitate nuclear entry (Radu et al. 1995a; Radu et al. 
1995b; Rexach and Blobel 1995).  
 
By comparing the Agrobacterium-mediated transformation efficiency of S. 
cerevisiae srp1 mutants with the S. pombe counterparts may help to establish a 
potential universal pathway for transport and trafficking of the T-complex.  Three srp1 
mutants, srp1-31, srp1-49 and srp1-54 were assayed for their susceptibility to 















































Fig. 5.12 The effect of S. cerevisiae srp1 mutants on Agrobacterium-mediated 
transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild-type and mutants 
(b) Comparison of the number of transformants and total number of cells 
recovered.  Recovery number consistency between samples ensures a fair assay 
(c) All three srp1 mutants reduce efficiency of Agrobacterium-mediated 
transformation 
205:1 6.7 srp1-31 
200:1 6.9 srp1-49 
181:1 7.6 srp1-54 
192:1 7.2 W303 
N/A 1380 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
Viable pre-cocultivation number x10
5
 Strain 
Previous findings have shown different srp1 mutants cause defects in protein import, 
nuclear segregation, microtubule formation and nucleolar morphology (Leob et al. 
1995; Shulga et al. 1996; Yano et al. 1994).  It appears that the location of the residue 
change within the srp1 point mutation determines the severity of NLS protein import 
dysfunction.  The srp1-31 mutant displayed nuclear import defects at temperatures as 
low as 20ºC with import rates decreasing relative to the wild type with increasing 
temperature (up to 35ºC) (Shulga et al. 1996).  The srp1-49 mutant also displays 
nuclear import defect although it is significantly less sever than srp1-31 (Shulga et al. 
1996).  However the technique adopted by Shulga et al. (1996) only focused on 
measuring the relative import rate of a NLS-GFP reporter protein immediately upon 
shifting to 38ºC and therefore does not account of accumulated nuclear GFP prior to 
the temperature shift.  As the aforementioned research into Cut15p and Imp1p has 
demonstrated (Umeda et al. 2005), selecting the correct method to assay nuclear 
import is paramount to effectively determining the sensitivity of the mutant to nuclear 
import.  Only srp1-49 displays an increase in nucleolar morphology alterations with 
increasing temperature (Yano et al. 1994).  In addition srp1-49 has clear defects in 
nuclear division/segregation a phenotype attributed to dysfunction of cytoplasmic 
microtubules and their indirect interaction with actin filaments (Yano et al. 1994). 
 
The Agrobacterium-mediated transformation of the Srp1p mutants corroborates 
and reflects the independent assays on NLS protein nuclear import defects (Shulga et 
al. 1996).  The srp1-31 mutant displays over a ten fold decrease in transformation 
efficiency while the srp1-49 and srp1-54 exhibit a 3-fold decrease (Fig. 5.12).  Thus 
the susceptibility of the individual srp1 mutants to Agrobacterium-mediated 
transformation correlates with the known differences in NLS protein import 
deficiencies (Shulga et al. 1996).  Moreover, a point mutation in the same conserved 
residue results in a similar resistance to Agrobacterium-mediated transformation in 
both S. pombe and S. cerevisiae.  The Srp1-54p and Cut15-85p mutants contain a point 
mutation in exactly the same conserved glycine residue (Srp1p G459 and Cut15p 
G450) (Fig. 5.7) that results in a similar reduction in susceptibility to Agrobacterium-
mediated transformation (Fig. 5.8; 5.12).  Although the two cut15 and three srp1 
mutants all suffer point mutation(s) in the ARM motif the exact location can cause a 
large difference in Agrobacterium-mediated transformation ability (Fig. 5.8; 5.12).  
The ARM motifs create two binding pockets for interaction with both mono and 
bipartite NLSs via a long stretch of basic residue (Kobe 1999; Conti et al. 1998).  
None of the assayed importin- mutants suffer a mutation to a basic residue although 
with the exception of srp1-49 the point mutations all occur in conserved residues (Fig. 
5.7).  
 
As with the Agrobacterium-mediated transformation of S. pombe assay 
controls were maintained. All three srp1 mutants reflected wild-type pre and post 
cultivation viable cell numbers so the change in transformation frequency can be 
directly attributed to the susceptibility to Agrobacterium-mediated transformation.  
5.7 Discussion 
In vivo analysis of VirD2, VirE2 and VirE3 fusion proteins indicate T-DNA 
localization to the host nucleus is dependent on a functional NLS.  In S. pombe both 
the N- and C-terminal NLS of VirD2 is sufficient for nuclear localization.  In addition 
the loss of both NLS sequences does not lead to VirD2 accumulation on the nuclear 
envelope suggesting the NLS plays a role in protein migration to and translocation 
through the nuclear envelope.  Certainly the location of Cut15p-GFP and Imp1p-GFP 
to the nuclear envelope is in keeping with the proposed function.  Colocalization of 
Cut15p-GFP and Imp1p-GFP with DSred-VirD2 supports the possibility of physical 
interaction.  VirD2, VirE2 and VirE3 have been shown to interact with four of the 
seven importin- homologues in A. thaliana.  Similarly in Cut15p, Imp1p and Srp1 
importin- homologues also show interaction with the only Vir protein that localizes 
to the nucleus in S. pombe and S. cerecisiae. 
 
This large importin- family size and the difficulty of creating appropriate 
mutants have prevented any functional studies.  The budding and fission yeast system 
contains one or two importin- homologues respectively mutations to which can be 
assayed via Agrobacterium-mediated transformation.  Interestingly the non essential 
imp1 gene does not affect the Agrobacterium-mediated transformation frequency 
once deleted.  Mutant cut15 and spr1 strain do however show reduction in 
Agrobacterium-mediated transformation efficiency.  Interestingly cut15-85 and srp1-
54 has a mutation to the same conserved glycine reside and display the same fold 
reduction in Agrobacterium-mediated transformation efficiency.  In addition to the 
transformation assay, the cut15-85 mutant demonstrated an inability to localise DSred-
VirD2 to the nucleus when compared to the wild type.  Interestingly just as the cut15-
85 mutant in the Agrobacterium-mediated transformation assay showed a 2.3-fold 
decrease in efficiency the DSred-VirD2 localization assay displayed a 2.4-fold 
decrease. 
 
Results from S. cerevisiae srp1 mutants reflect those shown in the S. pombe 
model further supporting importin- role in a wider eukaryotic model.  Moreover the 
greater fold decrease in srp1-31 when compared to srp1-49 and srp1-54 strains 
suggests a more severe functional defect, a result confirmed by independent studies 
(Shulga et al. 1996).  This result demonstrates the sensitivity and potential role of 
Agrobacterium-mediated transformation in assessing the efficiency of importin- 
mutants.   
 
Culmination of these results indicates the role of importin- in Agrobacterium-
mediated transformation.  The proposed function and localization of importin- 
suggests a role in nuclear import.  However recent evidence linking functional NLS 
with protein migration to the nuclear envelope (Salman et al. 2005; Mesika et al. 
2005) suggests a cytoplasm to nuclear currier function.  Results form Vir protein 
localization and importin- functional studies suggests importin- is the host adaptor 
protein that links host transport systems with the T-complex.   
Chapter 6 
The T-complex utilises a microtubule based transport pathway to 
deliver T-DNA to the host nucleus 
6.1 Introduction 
Previous chapters and independent research have linked importin- to 
transformation efficiency, nuclear import and VirD2 interaction (Ballas et al. 1997).  
However the transport of the T-complex to the nucleus still remains open to 
speculation.  Transport of large macromolecules through the cytoplasm is restricted 
due to size.  Large macromolecules cannot diffuse effectively in the cytoplasmic 
matrix composed of a mesh of actin and microtubule filament networks (Luby-Phelps 
1994, 2000).  It seems reasonable to assume the transport of the T-complex to the host 
nucleus through the cytoplasm may require an active mechanism.  Indeed many animal 
viruses are known to exploit the microtubule based transport system for delivery to the 
nuclear envelope (Sodeik et al. 1997; Suomalainen et al. 1999; Seisenberger et al. 
2001; Dohner et al. 2002; Mabit et al. 2002; McDonald et al. 2002; Suikkanen et al. 
2003; Kelkar et al. 2004).   
 
The microtubule network is ideally configured to support the transport of 
nuclear bound cargo with long microtubules radiating throughout the cells from a 
locus near the nucleus.  Microtubules are already classically associated with vesicle 
and organelle transport to or from the nucleus depending on their orientation.  The 
slower growing minus end point towards the microtubule organising center (MOC) 
while the plus ends face the cell periphery.  Viruses such as HSV and HIV have been 
shown to associate with molecular motors such as dynein for transport along 
microtubules towards the nucleus in order to replicate (Dohner et al. 2002; McDonald 
et al. 2002) even the velocity of adenovirus capsid transport has been measured at 
0.4m/s (Greber et al. 1997). 
 
Recent research has linked the microtubule cytoskeleton with the transport of 
the T-complex (Salman et al. 2005).  Salman et al. (2005) demonstrated a functional 
link between the presence of a recognisable nuclear localisation signal and dynein-
dependent transport along microtubules.  Although VirE2 harbours two NLSs they 
have not proved to be recognised in animal or yeast systems (Lacroix et al. 2006; 
Tzfira et al. 2005).  However two point mutations in either of the VirE2 NLS regions 
results in a peptide that is recognised and actively transported into the animal cell 
nucleus (Guralnick et al. 1996). Wild type VirE2 (termed plVirE2) and mutated 
animalised VirE2 (termed anVirE2) were associated with long fluorescently labelled 
circular ssDNA and monitored via an automated tracking method.  Unlike plVirE2-
ssDNA, anVirE2-ssDNA complexes were observed to move along microtubules of sea 
urchin axoneme and also remain in the focal plane longer when mixed with 
reconstituted cytoskeletal network from Xenopus frog extract.  Chemical disruption of 
the microtubule but not actin network blocked the movement of the anVirE2-ssDNA 
complex.  These results suggest a recognisable NLS is essential for associtation with 
the microtubule network and therefore the presence of karyophilic proteins that 
recognise NLSs.  Indeed Salman et al. (2005) went on to co-immunoprecipitate 
importin- from the dynein intermediate chain. 
 
An additional independent study expands on the concept of the karyophilic 
protein as a cytoplasmic-nucleus currier.  A comparison of fluorescently labelled 
plasmid DNA conjoined with either the NLS-carrying transcription factor p50, 
p50
NLS
 or naked DNA microinjected into the cytosol of HeLa cells showed that 
accumulation in the nucleus and was greater in the presence of an NLS.  More 
importantly the accumulation at the nuclear envelope was also greater in the p50-DNA 
complex indicating a higher migration rate (Mesika et al. 2005).  In addition chemical 
disruption of the microtubule network or treatment with antibodies against dynein in 
living cells reduced p50-DNA accumulation at the nuclear envelope suggesting a 
microtubule and dynein based transport pathway for NLS-bound DNA cargo (Mesika 
et al. 2005). 
 
In planta importin- has been shown to colocalize with the microtublue 
network (Smith and Raikhel 1998).  Importin- has been shown to associate with 
microtubules by immunocolocalization fluorescence and can be resolved and detected 
in samples containing an NLS peptide where the microtubules have been taxol-
stabilized (Smith and Raikhel 1998).     
 
These three independent studies highlight the commonalities between a 
functional NLS and migration to the nucleus in a process facilitated by microtubules.  
It seems likely that presentation of a recognisable NLS is of paramount importance for 
successful transport to the nuclear envelope and translocation into the nucleus.  This is 
apparent as T-DNA directly associates with VirD2 and VirE2 and indirectly via VirE2 
with VirE3 and in planta VIP1 (Citovsky et al. 1992; Howard et al. 1992; Lacroix et 
al. 2005; Garcia-Rodriguez et al. 2006; Tzfira et al. 2001) all of which possess 
functional NLSs in planta.  Current research indicates links between DNA virus and T-
complex transport to the host nucleus by exploitation of the host microtubule transport 
network (Tzfira 2006).  If so disruption of the microtubule network may affect the 
susceptibility of the host to transformation by A. tumefaciens.  The use of S. pombe 
and S. cerevisiae as a host to test this theory is appealing due to the diverse range of 
microtubule mutants just as the array of mutants in S. cerevisiae has provided the key 
to understanding microtubule structure and function in higher organisms (Huffaker et 
al. 1988; Winsor and Schiebel 1997; Richards et al. 2000; Badin-Larcon et al. 2004).  
 
Microtubules are ubiquitos cytoskeletal structures composed of a heterodimer 
of - and -tubulin (Hyams and Lloyd 1994).  Tubulins are highly conserved (Little 
and Seehaus 1988; Burns 1991) and exhibit dynamic instability (i.e. stochastic growth 
and shortening) (Mitchison and Kirschner 1984).   The dynamic instability is regulated 
by a stabilizing by a GTP cap found at the GTP binding site of -tubulin.  Once 
incorporated into the microtubule lattice the GTP is hydrolysed causing microtubule 
instability within the lattice and microtubule shortening (Caplow et al. 1994). 
 
Although essential in both S. pombe and S. cerevisiae, - rather than -tubulin 
mutants were initially assayed for susceptibility to Agrobacterium-mediated 
transformation.  The presence of a second complementary -tubulin gene in both yeast 
systems counters the effect of any individual -tubulin mutation (Adachi et al. 1986; 
Schatz et al. 1986a, 1986b) (Fig. 6.1).  Such findings are reflected in the S. cerevisiae 
tub3 mutant that reflects wild-type susceptibility to Agrobacterium-mediated 
transformation (Fig. 6.3).  Mutations in the sole -tubulin gene in both S. pombe and S. 
cerevisiae (Fig. 6.2) presents an appealing target to study the potential effects of 




Fig. 6.1 S. cerevisiae TUB1, TUB3 -tubulin homology  
 
S. cerevisiae TUB1 and TUB3 protein alignment shows a 91% residue identity.  











Fig. 6.2 S. pombe and S. cerevisiae -tubulin homology 
 
S. cerevisiae TUB2 and S. pombe nda3 protein alignment 
shows 77% residue identities.  Mutants are described in 
  
 
91:1 15.0 tub3 
82:1 16.6 BY4741 
N/A 1360 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
















































Fig. 6.3 The effect of S. cerevisiae tub3 -tubulin mutant on Agrobacterium-
mediated transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild type and mutants 
(b) Comparison of the cell recovery number indicates the relative viability of tub3 
mutant matches that of the wild type. 
(c) The Agrobacterium-mediated transformation frequency of the tub3 mutant is 
comparable to the wild type.  
6.2 -tubulin mutants reduce the efficiency of Agrobacterium-mediated 
transformation 
 
6.2.1 Mutation to S. pombe -tubulin reduces the efficiency of Agrobacterium-
mediated transformation 
S. pombe as with S. cerevisiae also encodes two -tubulin genes (Toda et al. 
1984) and a single -tubulin gene (Hiraoko et al. 1984).  Toda et al. (1984) isolated 
two different cloned sequences of the -tubulin gene initially termed 1- and 2-
tubulin. They share a 76% protein homology with 1-tubulin harbouring a 90bp intron 
missing in 2-tubulin (Toda et al. 1984).  Linkage studies identified nda2 as the origin 
of 1-tubulin (Toda et al. 1984) and is inviable for deletion unlike 2-tubulin (Adachi 
et al. 1986) which is derived from the tub1 gene (gene synonyms atb2, alp2, ban5).  
 
In S. pombe the nda3-KM311 mutant was assayed for Agrobacterium-mediated 
transformation efficiency (Fig. 6.4).  The mutant does not display reduced cell 
viability when compared with that of the wild type yet shows a 8-fold decrease in 
Agrobacterium-mediated transformation.  The nda3-KM311 mutant exhibits 
sensitivity to the microtubule depolymerising drug benomyl an indicative phenotype 
of microtubule dysfunction (Fig. 6.5).  However the lack of additional nda3 mutants 
prevents any correlation being drawn between benomyl sensitivity and the efficiency 
of Agrobacterium-mediated transformation. 
 
280:1 4.0 nda3-KM311 
254:1 4.4 HM123 
N/A 1120 EHA105 pAPT3011 
Ratio 
Agrobacterium : S. pombe 

















































Fig. 6.4 The effect of S. pombe -tubulin mutant on Agrobacterium-mediated 
transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild type and mutants 
(b) Comparison of cell recovery number indicates the relative health of nda3-
KM311 during cocultivation reflected that of the wild type 
(c) The nda3-KM311 strain displays a 8-fold reduction in Agrobacterium-
mediated transformation efficiency  
(a) 0μg/ml  
(b) 5μg/ml  (c) 10μg/ml  
HM123 nda3-KM311 
Fig. 6.5   The effect of S. pombe nda3-KM311 mutant on 
sensitivity to the microtubule depolymerizing 
drug benomyl 
6.2.2 Mutation at the S. cerevisiae -tubulin gene TUB2 reduces the efficiency of 
Agrobacterium-mediated transformation 
The only -tubulin encoding gene is TUB2 and is inviable for deletion (Neff et 
al. 1983) although a range of S. cerevisiae TUB2 –tubulin mutants were previously 
established and characterised by Huffaker et al. (1988).  All five mutants exhibit cold 
sensitivity and were initially isolated due to their repressed growth at 14°C yet all 
grow well at 37°C.  However they differ in their degree of cold sensitivity as tub2-401 
is inhibited at temperatures as high as 20°C while tub2-402, tub2-404 and tub2-405 are 
completely blocked for growth at 11°C and tub2-403 at the intermediate level of 16°C 
(Huffaker et al. 1988).  Similarly the sensitivity to the microtubule destabilizing drug 
benomyl (Thomas et al. 1985) also varies although this variation does not correlate to 
the degree of cold sensitivity.  For example the mutation in tub2-402 creates a high 
degree of benomyl resistance allowing cells to grow at twice the concentration of 
benomyl than the wild type.  However tub2-403 and tub2-405 exhibited super 
sensitivity to benomyl while tub2-401 and tub2-404 conferred essentially wild type 
sensitivity (Huffaker et al. 1988).  Results form independent benomyl resistance 
studies (Fig. 6.7) reflects results found by Huffaker et al. (1988) with the exception of 
tub2-401 which tolerated slightly higher concentrated levels of benomyl (Fig. 6.7e).  
Just as no correlation can be found between cold sensitivity and benomyl resistance no 
correlation exists between Agrobacterium-mediated transformation efficiency and 
benomyl resistance.  
 
135:1 13.8 tub2-404 
109:1 17 tub2-403 
142:1 13.1 tub2-405 
112:1 16.2 tub2-402 
100:1 18.6 tub2-401 
127:1 14.6 DBY1034 
N/A 1860 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
Viable pre-cocultivation number x10
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Fig. 6.6 The effect of S. cerevisiae -tubulin mutants on Agrobacterium-mediated 
transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild type and mutants 
(b) Comparison of cell recovery number indicates the relative health of tub2-401, 
tub2-403 and tub2-405 during cocultivation failed to match that of the wild 
type (DBY1034).  tub2-402 and tub2-404 were recovered at numbers equal to 
that of the wild type  
(c) All tub2 mutants display reduced efficiency of Agrobacterium-mediated 
transformation with tub2-402 and tub2-404 showing an 11 and 3 fold decrease 
respectively 
 
Fig. 6.7 The varying effect of S. cerevisiae tub2 mutants to the microtubule 
depolymerizing drug benomyl 
 
No correlation between benomyl resistance and temperature at which 







(b) 5μg/ml  (c) 10μg/ml  
(d) 20μg/ml  (e) 30μg/ml  
(f) 40μg/ml  (g) 50μg/ml  
























 The cold sensitive nature of the tub2-401, tub2-403 and tub2-405 prevents an 
accurate assessment of their susceptibility to Agrobacterium-mediated transformation.  
The recovery of tub2-401, tub2-403 and tub2-405 are all substantially lower than that 
of the wild type suggesting cell viability was not maintained during the 24 hour 
cocultivation period at 20°C (Fig. 6.5b).  Interestingly the cell recovery number is 
reflective of the cold sensitive nature of the mutants with tub2-401 and tub2-403 
growth blocked at 20°C and 16°C respectively (Huffaker et al. 1988).  With the 
exception of tub2-405 the only mutants that maintained viability equal to the wild type 
were also those that exhibited the least cold sensitive phenotype, tub2-402 and tub2-
404.  The affect of low cocultivation temperature on cell viability of the tub2-401, 
tub2-403 and tub2-405 mutants prevents an accurate comparison with the wild type.  
Any decrease in efficiency to Agrobacterium-mediated transformation could equally 
be attributed to decreased cell viability as oppose to defects in intracellular T-complex 
transport.  In contrast tub2-402 and tub2-404 maintained viability as indicated by cell 
recovery numbers equal to those of the wild type (Fig. 6.5b).  Both mutants exhibit a 
reduced efficiency to Agrobacterium-mediated transformation with tub2-402 and tub2-
404 displaying a 10- and 3-fold decrease in efficiency respectively.  Although accurate 
results can only be derived from two mutants it appears there is no correlation between 
resistance to benomyl and Agrobacterium-mediated transformation efficiency.  This is 
similar to the lack of correlation between resistance to benomyl and cold sensitivity 
(Huffaker et al. 1988). 
 
6.3 S. cerevisiae stable microtubules reduces the efficiency of Agrobacterium-
mediated transformation 
Tubulin is subject to posttranslational modifications in many phyla and cell 
types including S. cerevisiae (Badin-Larcon et al. 2004) but interestingly not S. pombe 
(Alfa and Hyams 1991).  In mammalian cells the C-terminal tyrosine residue in -
tubulin is cyclically removed from the peptide chain by a carboxypeptidase and 
readded by tubulin-Tyr ligase (TTL).  Interestingly a rat cell lines (R4-7 and Rat2) that 
has shown resistance to retroviral replication early on during infection also display a 
change in stable microtubules containing the modified -tubulin (Naghavi et al. 2007).  
The detyrosination-tyrosination cycle has been linked to the control of cancer 
proliferation.  During tumor progression TTL activity is suppressed resulting in 
accumulation of detyrosinated (Glu) tubulin (Lafanechere et al. 1998), which, in turn 
is associated with tumor aggressiveness (Mialhe et al. 2001).  
 
S. cerevisiae -tubulin is encoded by two genes, TUB1 and TUB3 (Schatz et al. 
1986a).  The C-termini of both genes display a Glu-Glu-Phe sequence, analogous to 
Glu-Glu-Tyr found in mammals and is subject to cyclic posttranslational modification.  
TUB1 and TUB3 are 91% identical (Little and Seehaus 1988) (Fig. although TUB3 is 
expressed at lower levels than its TUB1 counterpart.  Each can compensate for the loss 
of the other.  The loss of TUB1 is fatal although over expression of the TUB3 gene can 
compensate for the deletion indicating the difference between TUB1 and TUB3 
appears to be largely quantitative rather than qualitative (Schatz et al. 1986a, 1986b). 
 
In a novel experiment the effects of Glu-tubulin accumulation was studied by 
construction of a tub3 S. cerevisiae strain with wild-type tubulin (Phe-tubulin) 
(iTUB1) or mutated -tubulin lacking the C-terminal amino acid (itub1-Glu) 
integrated into the genome (Badin-Larcon et al. 2004) (Fig. 6.1).  Comparing the 
efficiencies of the itub1-Glu strain with the iTUB1 strain allows for a direct 
comparison of Glu vs Glu and Phe type microtubules respectively. 
 
Agrobacterium-mediated transformation of itub1-Glu is less efficient than that 
of iTUB1 indicating stable microtubules have a negative effect of the trafficking of the 
T-complex.   
144:1 9.7 itub1-Glu 
132:1 10.6 iTUB1 
N/A 1400 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
Viable pre-cocultivation number x10
5















































Fig. 6.8 The effect of S. cerevisiae expressing stable microtubules on Agrobacterium-
mediated transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between mutants 
(b) iTUB1 and itub1-Glu cell recovery numbers are reflective indicating no difference 
in cell viability 
(c) The itub1-Glu strain displays a 10 fold reduction in Agrobacterium-mediated 
transformation efficiency  
6.4 Discussion 
Based on recent findings and the mode by which viruses traffic to their host 
cell nucleus has lead to many Agrobacterium researchers to predict T-complex 
trafficking utilises a microtubule based transport system.  The ability to accurately 
assay S. pombe and S. cerevisiae microtubule mutants provides unique and novel 
functional evidence to support the role of microtubules in T-complex trafficking. 
 
Both S. pombe and S. cerevisiae harbour two -tubulin genes.  The 
complimentary nature of -tubulins means disruption to just one gene does not affect 
Agrobacterium-mediated transformation (Fig. 6.2).  In contrast the -tubulin gene has 
no other homologue in either S. pombe or S. cerevisiae and therefore once disrupted 
cannot be complemented.  Indeed both S. pombe and S. cerevisiae -tubulin mutants 
display reduced Agrobacterium-mediated transformation efficiency. 
 
While all five S. cerevisiae tub2 mutants assayed display a reduced capacity to 
be transformed by Agrobacterium-mediated transformation only two (tub2-402 and 
tub2-404) retained wild-type viability after cocultivation a fact attributed to the 
extreme cold-sensitive nature of tub2-401 and tub2-403.  It could be argued that the 
decrease in mutant viability is the reason for the reduced transformation efficiency.   
However the same cannot be said for tub2-402 and tub2-404. 
 
The S. pombe nda3-KM311 mutant displays a 8-fold reduction in 
Agrobacterium-mediated transformation efficiency.  Corroborating results form 
homologues in the S. pombe and S. cerevisiae model systems provides strong evidence 
for the conserved role of microtubules in T-complex trafficking.  
 Microtubules exist in animal and budding yeast cells as two subtypes based on 
the posttranslational modification of -tubulin.  Cleavage of the last residue from -
tubulin results in “stable,” Glu-microtubules the half-life of which can be measured in 
hours as oppose to minutes in the unmodified version.   Using the S. cerevisiae itub1-
Glu strain it is possible to assay the effect of “stable” Glu-microtubules on 
Agrobacterium-mediated transformation efficiency.  This assay was not reproduced in 
the S. pombe model system as no posttranslational modification of -tubulin or Glu-
microtubules has been observed or detected in S. pombe (Alfa and Hyams 1991).  S. 
cerevisiae expressing only Glu-microtubules display reduced efficiency to 
Agrobacterium-mediated transformation.  The presence of Phe-microtubules 
(unmodified) in the iTUB1 strain appears to better to facilitate T-complex trafficking. 
 
The study of microtubules mutants in S. pombe and S. cerevisiae confirms the 
speculation of their involvement in Agrobacterium-mediated transformation.  
Chapter 7 
T-strand import into the eukaryotic host is independent of 
endocytosis 
7.1 Introduction 
  Interestingly the role of the Arp2/3 complex has previously been identified as 
important in the transformation of S. cerevisiae via the lithium acetate method (Kawai 
et al. 2004).  In this study a library of nonessential gene mutants (about 5000 strains) 
were assayed for their susceptibility to lithium acetate transformation.  Kawai et al. 
(2004) identified that low transformation competence is linked to Arp2/3 activation 
machinery thus implicating DNA uptake into S. cerevisiae via endocytosis. Assaying 
the Arp2/3 associated mutants discovered by Kawai et al. (2004) may assist in 
deciphering the mechanism by which the T-strand enters the host during 
Agrobacterium-mediated transformation.  
 
The Arp2/3 complex is one of two conserved factors that have demonstrated 
actin nucleation (Welch and Mullins 2002; Wallar and Alberts 2003).  The Arp2/3 
complex is essential for cellular processes such as endocytosis, intracellular transport 
and leading edge advancement.  The complex itself is made up of seven subunits, six 
essential (Arp2p, Arp3p, Arc35p, Arc19p, Arc15p, Arc40p) and one nonessential  
(Arc18p) (Winter et al. 1999).  Alone the purified Arp2/3 complex fails to effectively 
nucleate actin and requires the addition of nucleation promoting factors (NPFs) 
(Madania et al. 1999; Evangelista et al. 2000).  Once engaged by NPFs the Arp2/3 
complex is activated to initiate the formation of a new daughter filament that branches 
off from the existing mother filament at approximately 70º in a process termed 
autocatalytic branching (Mullins et al. 1998; Amann and Pollard 2001). 
 Fig. 7.1 Arp2/3 complex involvement in endocytosis 
 
(a) Arp2/3 complex is activated by NPFs and initiates actin patch formation by 
creating 70º actin branching from actin filaments 
(b) Attachment of actin branches to the vesicle coat to initiate endocytosis 




To date six different NPFs have been found in S. cerevisiae.  Four class I NPFs, 
Las17p and Vrp1p, homologues of Wiskott-Aldrich syndrome protein WASp and two 
type I myosins Myo3p and Myo5p while Pan1p and Abp1p represent the class II NPFs 
(Li 1997; Evangelista et al. 2000; Lecher et al. 2000; Duncan et al. 2001; Goode et al. 
2001; Goley and Welch 2006).  Class I NPFs are characterised by a common WCA 
domain, which consists of a WASp-homology-2 region that binds to G-actin, a C or 
central cofilin-homologous region and an acidic A region (Marchand et al. 2001; 
Panchal et al. 2003; Goley and Welch 2006). Indeed this WCA domain is sufficient 
for the activation of the Arp2/3 complex in vitro to polymerize branched actin (Goley 
and Welch 2006).  It is thought that these NPFs induced structural rearrangements that 
drive Arp2p and Arp3p together to act as a template for actin nucleation (Goley et al. 
2004; Rodal et al. 2005).  By contrast class II NPFs contain an F- instead of G-actin 
binding region but retain a similar acidic A region for Arp2/3 binding and although 
required, Abp1 and Pan1 are far less potent activators of the Arp2/3 complex when 
compared with class I NPFs (Goley and Welch 2006).   
 
All of the NPFs localise to and function at the cortical actin patches at different 
phases of actin assembly.  Las17p and Pan1p can be detected early at the formation of 
actin patch and are known to bind to phospholipids and clathrin to function in the 
vesicle formation step.  Myo5p and Abp1p arrive later to effect a change in actin 
dynamics, cause vesicle scission and transport of the vesicle away from the membrane 
(Kaksonen et al. 2003; Jonsdottir and Li 2004). 
 
Mutants of all seven NPFs along with she4 and arc18 confer low lithium 
acetate transformation ability (Kawai et al.2004).  In addition endocytic defects have 
been reported in myo3/5 (Geli et al. 1996), vrp1 (Naqvi et al. 1998), las17 
(Madania et al. 1999; Naqvi et al. 1998), she4 (Toi et al. 2003; Wendland et al. 
1996) mutants as well as pan1-20 (Duncan et al. 2001) via intermediates.  Therefore 
as all the mutants display a deficiency in lithium acetate transformation Kawai et al. 
(2004) proposed that activation of the Arp2/3 complex and subsequent endocytosis is 
required for the uptake of DNA.  This proposal is further supported by the fact that 
competence is enhanced in a temperature dependent manner (Hayama et al. 2002).  
The same mutants were assayed in order to ascertain if a similar trend is displayed in 
Agrobacterium-mediated transformation of S. cerevisiae.  
 
7.2 Endocytotic dysfunction increases Agrobacterium-mediated transformation of 
S. cerevisiae  
Surprisingly all the mutants shown by Kawai et al. (2004) to have low lithium 
acetate transformation competence exhibit increased susceptibility to Agrobacterium-
mediated transformation (Fig. 7.2; 7.3).  Again a comparison of the mutant with their 
respective wild type reveals a change in transformation efficiency based on a change 
in transformant number and not fluctuations in cell recovery number with the 
exception of myo3/5 (Fig. 7.2).  Consistencies remain when comparing the viable 
input number and therefore ratio of Agrobacterium to S. cerevisiae along with the 











































Fig. 7.2 The effect of S. cerevisiae myo3 and myo5 mutants on Agrobacterium-
mediated transformation efficiency 
 
(a/d) Quantifying viable pre-cocultivation numbers to ensure comparable Agrobacterium : 
host ratio between wild-type and mutant 
(b) Comparison of the number of transformants and total number of cells recovered 
(c) No difference in the Agrobacterium-mediated transformation of the myo3 and 
myo5 strain when compared to the wild type 
(e) Comparison of cell recovery numbers indicates the relative health of myo3/5 post 
cocultivation dramatically reduced when compared to the wild type (W303).  The 
myo3/5 produced 3 times more transformants than the wild type.  
(f) The Agrobacterium-mediated transformation frequency of the myo3/5 mutant 
appears 500 times greater than that of the wild type.  This increase is exacerbated by 
the decrease in myo3/5 viability post cocultivation and is therefore inaccurate 
(x105) 
79:1 16.7 myo3 
91:1 14.5 myo5 
94:1 14.1 BY4741 
N/A 1320 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
Viable pre-cocultivation number x10
5
 Strain 
91:1 15.0 myo3/5 
82:1 16.6 W303 (diploid) 
N/A 1360 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 






















































































Fig. 7.3 The effect of S. cerevisiae abp1, vrp1 she4 and arc18 mutants on 
Agrobacterium-mediated transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable 
Agrobacterium : host ratio between wild type and mutants 
(b) Comparison of the number of transformants and total number of cells recovered 
(c) abp1, vrp1, she4 and arc18  mutants display increased efficiency to 
Agrobacterium-mediated transformation 
(x105) 
166:1 9.4 abp1 
195:1 8.0 vrp1 
149:1 10.5 BY4741 
N/A 1560 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
Viable pre-cocultivation number x10
5
 Strain 
115:1 12.7 she4 
109:1 13.4 arc18 
98:1 14.9 BY4741 
N/A 1460 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 


























































































Fig. 7.4 The effect of S. cerevisiae pan1-101 mutant on Agrobacterium-mediated 
transformation efficiency 
 
(a) Quantifying viable pre-cocultivation numbers to ensure comparable Agrobacterium : 
host ratio between wild-type and mutant 
(b) Comparison of cell recovery numbers indicate the relative viability of pan1-101 reflects 
that of the wild type. 
(c) The Agrobacterium-mediated transformation frequency of the pan1-101 is comparable 
to the wild type.  
67:1 20.3 pan1-101 
69:1 19.8 PAN1 
N/A 1360 EHA105 pRAL7101 
Ratio 
Agrobacterium : S. cerevisiae 
Viable pre-cocultivation number x10
5
 Strain 
Interestingly the effect of deletion to either myo3 or myo5 exhibits no difference in 
transformation by the lithium acetate (Kawai et al. 2004) or Agrobacterium-mediated 
method (Fig. 7.2). However the effect of the myo3/5 double mutant causes a decrease 
in susceptibility to lithium acetate transformation while an increase to Agrobacterium-
mediated transformation (Fig. 7.2).  Moreover the effect on transformation of the 
single compared to double mutant is also reflected in the difference in mutant 
phenotype.  MYO3 and MYO5 are the only type 1 myosins in Saccharomyces 
cerevisiae.  It is thought that they confer overlapping functions as deletion to either 
does not affect growth while the double mutant is severely compromised (Goodson et 
al. 1996; Lechler et al. 2000).  While the myo3/5 exhibits an increase trend in 
Agrobacterium-mediated transformation efficiency the failure of the mutant cells to 
recovery to wild type numbers suggest cell viability was compromised.  Comparison 
of the transformation rate based on the number of transformants alone suggests a 3-
fold increase (Fig. 7.2e).  However due to poor mutant cell recovery this difference 
increases to 35-fold when comparing wild type and mutant transformation frequency 
(Fig. 7.3f), an increase attributed to myo3/5 cell viability not susceptibility to 
Agrobacterium-mediated transformation. 
 
The involvement of Myo3/5p is further supported by assaying a she4 mutant 
for susceptibility to Agrobacterium-mediated transformation (Fig. 7.3).  The same 
approach was adopted by Kawai et al. (2004) to highlight the involvement of Myo3/5p 
in the lithium acetate transformation of S. cerevisiae.  Endocytic defects have been 
observed in she4 mutants and based on interaction data it has been proposed that 
She4p functions as a molecular chaperone for Myo3/5p (Toi et al. 2003).  The 
difference in transformation efficiency of the she4 mutant and its wild type 
(BY4741) is likely due to the effect of She4p on the localization of Myo5p to the actin 
patches.  In addition the overlap of the She4p interacting segment of Myo3/5p with its 
actin binding established the assistance of She4p in Myo3p binding to Act1p (Toi et 
al. 2003). 
 
The ARC18 is the only nonessential member of the Arp2/3 yet its deletion does 
affect complex efficiency (Winter et al. 1999) (Fig. 7.3).  The transformation 
efficiency of the arc18 strain therefore provides strong evidence indicating the role 
of Arp2/3 dysfunction and inactivation on the increase in Agrobacterium-mediated 
transformation.   
 
The pan1-101 mutant was the only NPF that did not show an increase in 
Agrobacterium-mediated transformation efficiency (Fig. 7.4).  Although Kawai et al. 
(2004) did show a decrease in lithium acetate transformation efficiency it was using a 
different point mutation (pan1-20) and could explain the inability of the 
Agrobacterium-mediated transformation system to detect an efficiency increase. 
 
7.3 Discussion 
Previous studies by Kawai et al. (2004) demonstrated mutants to NPFs reduced 
the efficiency of lithium acetate transformation of S. cerevisiae.   NPFs are responsible 
for the activation of the Arp2/3 complex that assists in the mechanism of endocytosis 
and forms actin patches at the cell periphery.   
 
In contrast to lithium acetate transformation results, Agrobacterium transform 
the NPF mutants at an increased efficiency.  Both transformation systems showed no 
difference in efficiency between the wild type and myo3 or myo5 mutants.  
However the myo3/5 double mutant is less amenable to lithium acetate 
transformation, yet more amenable to Agrobacterium-mediated transformation.  
Similarly she4, arc18, abp1 and vrp1 mutants all displayed increased 
Agrobacterium-mediated transformation efficiencies. 
 
The results suggest Agrobacterium not only transforms the host independently 
of endocytosis but is facilitated to do so by Arp2/3 and endocytotic defects.  It is 
plausible that endocytosis dysfunction may up regulate an alternative cell entry 
pathway, one that better suits Agrobacterium-mediated transformation.  Alternatively, 
a decrease in actin patch formation at the cell periphery may allow for easier insertion 
of the type IV secretion system to act as a molecular syringe and therefore bypass host 
cell entry mechanisms 
Chapter 8 
Conclusion and Future work 
 
The study has focused on the investigation of eukaryotic host factors involved 
in Agrobacterium-mediated transformation.  Establishing the fission yeast 
Schizosaccharomyces pombe as a novel host amenable to transformation via 
Agrobacterium-mediation provided a useful model system in which to study the 
trafficking of the T-DNA within the host.  The pre-existing Saccharomyces cerevisiae 
model system provided a useful secondary organism to verify findings from the S. 
pombe model system.  Using a duel system to corroborate defects to homologous 
proteins and mechanisms provides a comprehensive overview of potential eukaryotic 
factors involved in the T-DNA trafficking process.   
 
The necessity to study and assay genes inviable for deletion is very apparent.  
Yeast gene deletion libraries provide ideal access to an array of categorized mutants 
for the study of genes viable for deletion.  Genes inviable for deletion have been tested 
in this study by assaying isolated point mutants.  Such mutants are difficult to 
construct, isolate and categorise and are therefore unlikely to provide a useful solution 
for the large scale screening of proteins potentially involved in Agrobacterium-
mediated transformation.  Ideally an exploitable gene/protein repression mechanism 
such as such as RNA interference would prove invaluable.  Interestingly S. pombe 
encodes one of each of the three major classes of proteins implicated in RNA 
silencing, DICER, RNA-dependent RNA polymerase and agrgonaute (the core 
component of the RISC complex) unlike S. cerevisiae (Sigova et al. 2004). 
Furthermore endogenous dsRNA has also been shown to trigger an RNAi like effect in 
S. pombe thus further broadening its virtues as a valuable research model (Volpe et al. 
2002; Raponi and Arndt 2003; Sigova et al. 2004).  Exploiting the RNAi mechanism 
in S. pombe to silence genes suspected of involvement in Agrobacterium-mediated 
transformation would greatly expand the profile of this model system. 
 
This study explores three aspects of the Agrobacterium-mediated 
transformation, (i) T-strand host cell entry, (ii) T-complex active transport through the 
cytoplasm and (iii) T-complex nuclear entry.   
 
Analysis of S. cerevisiae mutants defective in Arp2/3 complex activation show 
reduced lithium acetate transformation efficiency, an effect related to endocytotic 
dysfunction.  Interestingly deletions to these genes enhance transformation by 
Agrobacterium-mediation.  One possible explanation is that other cell entry 
mechanisms, possibly involved in T-strand translocation are enhanced to compensate 
for the endocytotic defects.  Another suggests failure of the Arp2/3 complex to form 
actin patches at the cell periphery allows for less restricted T-strand host entry via type 
IV secretion system “injection”.  Regardless the mechanism involved in 
transformation via lithium acetate appears to differ from those involved in 
Agrobacterium-mediated transformation.  
 
Current models suggest T-complex formation post T-strand translocation into 
the host.  VirD2 and VirE2 bind directly to the T-DNA while VirE3 binds via the 
VirE2 intermediate to for the T-complex.  Although each T-complex protein 
constituent harbours mono and/or bipartite NLSs only VirD2 localizes to S. pombe 
nucleus.  Localization of VirD2 to the nucleus is dependant on N- and C-terminal 
NLSs without which the VirD2NtCt protein is dispersed none specifically in the 
cytoplasm.  Furthermore none of the Vir proteins localizes or accumulate at the 
nuclear envelope proving cytoplasm-nuclear migration as well as nuclear import is 
dependent on a functional NLS.  Localization patterns of the aforementioned Vir 
proteins in S. pombe are similar to those found in S. cerevisiae with the exception of 
VirE2.  Both C58 and octopine VirE2 variants display specific sub cellular localization 
at an unidentified location.  Coexpression with VirE3 of the same cognate or the A. 
thaliana protein VIP1 displaces the localization of VirE2 to the cytoplasm.  This 
indicates both VirE3 and VIP1 have dominant influence on VirE2 localization. 
 
The dependence of a functional NLS to localize VirD2 to the nucleus suggests 
the role of karyophilic proteins known to be involved in nuclear import and NLS 
recognition.  Integrating a GFP fusion cassette in frame with the two S. pombe 
importin- genes with GFP and coexpression with DSred-VirD2 shows colocalization 
at the nucleus.  Furthermore yeast two hybrid results indicate the two S. pombe, 
(Cut15p and Imp1p) and one S. cerevisiae, (Srp1p), importin-’s interact with VirD2.  
An imp1 strain was created using a deletion cassette displayed no difference in 
Agrobacterium-mediated transformation efficiency.  The cut15-85 point mutant strain 
displayed reduced Agrobacterium-mediated transformation efficiency.  Such studies 
indicate a difference in the function and necessity of members of the importin- 
family that is especially relevant to higher organisms.  A. thaliana harbours seven 
importin- proteins four of which have been shown to associate with either, VirD2, 
VirE3 and/or VIP1 (Bako et al. 2003; Ballas and Citovsky 1997; Lacroix et al. 2005; 
Tzfira et al. 2002) yet results from S. pombe suggests not all may have a functional 
effect.  Assaying S. cerevisiae srp1 mutants confirms the functional involvement of 
importin- in the trafficking of the T-complex and corroborates results from the S. 
pombe model system. 
 
Importin-’s are likely to act as curriers to assist in NLS protein migration to 
the nuclear envelope before translocation into the nucleus (Mesika et al. 2005).  This 
is also evident from the Vir protein localization studies.  Karyoprotein based nuclear 
import is not confined to NLS protein translocation through the nuclear envelope.  
Deletion of the function NLS does not result in accumulation of the protein at the 
nuclear envelope via an alternative pathway.  Both migration and nuclear translocation 
are dependent on a functional NLS.   
 
Recent evidence suggests that microtubules facilitate the active transport of the 
T-complex to the nucleus, a pathway exploited by HIV and HSV.  A ssDNA-VirE2 
complex has been shown to associate with and move along microtubules in vivo but 
only in the presence of a functional NLS (Salman et al. 2005).  Moreover importin- 
has also been shown to associate with microtubules (Salman et al. 2005; Smith and 
Raikhel 1998) thus providing the link between T-complex recognition and an active 
transport pathway.  Using the duel S. pombe and S. cerevisiae model systems the affect 
of -tubulin mutants was shown to reduce the efficiency of Agrobacterium-mediated 
transformation.  The role of “stable” microtubule function was assayed using the strain 
itub1-Glu a tub3 strain with a TUB1 truncation and therefore is restricted to 
expressing only “stable” microtubules.  The itub1-Glu displayed a reduced efficiency 
to Agrobatcerium-mediated transformation indicating T-complex transport is best 
facilitated by rapidly polymeriszing and depolymerising microtubules. 
 
Comparisons of the relative fold difference in Agrobaterium-mediated 
transformation between mutant and its respective wild type presents an intriguing 
overview of the host processes and mechanisms involved in T-strand entry and T-
complex trafficking inside the host (Fig. 8.1).  Furthermore, the use of two 
independent model systems to reflect nuclear import or microtubule defects as a 
function of Agrobacterium-mediated transformation efficiency suggests of a wider 
eukaryotic trafficking pathway.      
 
Successful localization of the T-DNA to the nucleus allows of either 
recircularization (the size of the resulting plasmid is depended a single or double 
border cut during T-DNA processing from the binary vector) or integration into the 
genome.  Interestingly a novel type of transformant was isolated that had endogenous 
S. pombe DNA incorporated in between the left and right border sequence of 
recircularized T-DNA.  This is likely a result of T-DNA integration into the genome 
followed by an extraction event that includes some genomic DNA.  Such “pop in/out” 
events have been previously observed in ars1 plasmids and represents about 1-2% of 
S. pombe transformants obtained by Agrobacterium-mediated transformation.  One 
such S. pombe transformant included mitochondrial DNA located in the recircularized 
T-DNA suggesting T-DNA be recovered to generate stable transformants by 
localization to the mitochondria as well as the nucleus, an intriguing hypothesis that 
should be ear marked for further study. 
 Fig. 8.1 Overview of host mechanisms involved in Agrobacterium-mediated 
transformation 
 
  Comparing the Agrobacterium-mediated transformation efficiencies of 
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